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Abstract 
The scope of work for this thesis includes: (1) characterization of silica and other scaling 
compounds in coal seam gas (CSG) water, and (2) study of the removal of silica from aqueous 
solution using activated alumina. 
In the first phase of this research, coal seam gas water from a full scale water treatment 
facility was characterized with spectroscopic and other analytical techniques. Silica and other 
scaling compounds, all of which were present in dissolved and non-dissolved forms, were 
characterized. Transmission electron microscopic analysis showed the existence of spherical 
siliceous particles with a size range of 10-100 nm and aggregates of 1 to 10 microns in CSG brine. 
Elemental characterization confirmed that the particulate matters in CSG brine consist of the 
following elements in decreasing order: K, Si, Sr, Ca, B, Ba, Mg, P, and S. A plant-wide silica 
characterization showed that the ratio of particulate to dissolved silica varies as CSG water passes 
through the various process units and nearly one-third of the total silicon in the RO brine was 
present in particulate form. In search for the origin of particulate matters, it was found that RO brine 
is super-saturated with respect to several carbonate and sulphate based mineral salts and 
precipitation of such salts during the RO process should take place and could be responsible for 
subsequently capturing silica in the solid phase. However, the precipitation of crystalline carbonates 
and sulphates is complex. X-ray diffraction analysis did not confirm the presence of common 
calcium carbonates or sulphates but instead showed the presence of a suite of complex minerals, to 
which amorphous silica and/or silica rich compounds could have adhered. A filtration study showed 
that majority of the siliceous particles were less than 220 nm in size, but could still be potentially 
captured using a low molecular weight ultrafiltration membrane. 
In the second phase of this research, the potential of activated alumina for removing silica 
from aqueous solution was studied. Equilibrium, kinetics, and column study were performed to 
investigate the silica removal efficiency of activated alumina. pH studies showed that a pH of 8.8 is 
optimum for removal of silica using activated alumina. The equilibrium data fits the well-known 
Langmuir and Freundlich isotherms. The maximum monolayer adsorption capacity was found to be 
17.63 mg/g at pH 8.8. A second order kinetic model fitted the experimental data better than a first 
order model. Analysis of the kinetic data with Weber-Morris intraparticle diffusion model suggests 
both external and internal mass transfer controls the overall adsorption process. It was also found 
that as initial silica concentration increases, external mass transfer becomes important and cannot be 
ignored in the overall mass transfer process. From the continuous column study, it was surprising to 
find that feed flow rate did not affect the overall performance of the column between 1 mL/min 
(2.25 bed volume/hr) and 4.2 mL/min (9.65 bed volume/hr).This thesis provides valuable 
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information on the silica chemistry in CSG water and important factors in silica removal using 
activated alumina. 
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1. Background 
In recent years, extraction of methane from coal beds has attracted significant attention 
across various countries in the world including: USA, Australia, Canada, China, and India (Moore 
2012). Australia has a rich deposit of this gas where it is generally termed Coal Seam Gas (CSG). 
During the production of CSG, water from the coal bed is removed to allow the gas to be extracted. 
The produced water is moderately saline and requires treatment prior to use or discharge.  Reverse 
osmosis (RO), which generates brine, is widely used. Preventing this brine from polluting the 
environment is an important responsibility of CSG producers. Several CSG producers in Australia 
are considering zero waste discharge (ZWD) strategy for sustainable management of CSG brine. 
According to ZWD strategy, the brine is further concentrated and finally recovered as dry salts 
(Bond & Veerapaneni 2007). Concentrating the brine reduces the volume of material to be 
managed.  Further, salt with high value can be sold as a commodity product. Production of mixed 
salts with low value can be alternatively used in construction, agriculture, etc. 
The RO brine produced from CSG water typically contains a silica concentration of 100-250 
mg/L. Silica and metal silicates are key components of fouling during the brine concentration 
process, so their removal can improve the efficiency of the concentration process. Extensive 
research has been done on the removal of silica from groundwater. Several methods have been 
successfully applied for silica removal, which can be generally classified into four groups: (1) 
chemical clarification, (2) electrocoagulation, (3) membrane processes, and (4) adsorption and ion 
exchange processes.  
Although chemical clarification and electrocoagulation are the most widely adopted 
technologies for silica treatment, they are not preferable for CSG brine. The optimum pH for 
chemical clarification is 11. However, CSG brine has a pH of around 8.9 and strong buffering 
capacity. Therefore, it will require a large consumption of caustic to increase the pH to 11. 
Moreover, the solid phase formed during chemical clarification for adsorption of silica is not 
reusable. Electrocoagulation uses aluminium-iron elector pair for production of coagulant in the 
solution. This process will significantly increase the Al and Fe concentration in brine which will 
cause significant problem in the downstream brine processing by forming silicate (with residual 
silica) and oxide/hydroxide scale of aluminium and iron (Gallup 1997; Jackson & Landolt 1973; 
Tokoro et al. 2014).  Membrane processes can be used for removal of both dissolved and particulate 
silica. However, it usually requires a low silica input (typically 10-20 mg/L). The CSG brine 
already has very high silica content and will induce severe scaling on membrane surface and 
reduction of membrane flux. Strong base anion exchange resins can be used to effectively remove 
dissolved silica from water; however, the removal efficiency is strongly dependent on the presence 
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of other anions, such as chloride, bicarbonate, carbonates, etc.(Ali et al. 2004a; Baes et al. 1997; 
Zaganiaris, Doulut & Morino 1992). Moreover, ion exchange resins are relatively more expensive. 
Adsorption, which has been used in water treatment over a long period of time, can be used 
for removal of silica from water.  Among the various adsorbents for anion removal, activated 
alumina was found to be most effective for removal of various anions, such as arsenic and fluoride 
(Ayoob, Gupta & Bhat 2008; Bhatnagar, Kumar & Sillanpaa 2011; Mohan & Pittman 2007). 
Moreover, the anionic preference of silica onto activated alumina is much higher in compared to the 
most anions present in natural water (Clifford 1999). However, very little research has been done on 
the adsorptive removal of silica using activated alumina (Behrman & Gustafson 1940; Bond & 
Veerapaneni 2007; Bouguerra et al. 2007; Clifford, Matson & Kennedy 1978; Matson 1981; 
Mauche & Matson 1981; Sanciolo et al. 2014). To the best of our knowledge, there are no reports 
on the mechanism of silica removal in continuous activated alumina fixed bed columns. 
2. Research problems and significance 
The goal of this project is to study the speciation of silica and other potential scaling 
compounds in coal seam gas water and to investigate the potential of silica removal using activated 
alumina. The first phase of this research project involves developing a better understanding of the 
silica chemistry in CSG water. The second phase involves investigation of the important factors 
controlling the silica removal using activated alumina. The knowledge gained in this thesis will be 
useful for designing efficient process for removal of silica in downstream RO brine processing. 
In recent years, the coal seam gas industry in Australia has experienced significant growth. 
In Queensland alone, the annual number of new wells increased from 10 in the early 1990s to 
almost 600 in 2010-2011 ('Queensland's coal seam gas overview', February 2012), with projections 
that there could be as many as 40000 wells in a few years‟ time. However, strict regulations have 
been imposed by relevant state and environment authorities on CSG development in Australia. 
Particularly, water management is the key issue for the development of CSG projects in Australia. 
This has fostered significant research activity on coal seam gas water management.  
This thesis addressed the following research objectives: 
Research Objective 1: Speciation of silica in coal seam gas water. 
Coal seam gas water is a multi-component matrix primarily composed of organics, silica, and metal 
ions. An understanding of the chemical composition of CSG water and silica distribution among 
various phases is particularly important for efficient design of silica removal process. 
The purpose of this objective is to analyse the solid phase composition of CSG water and identify 
distribution of silica between solid and liquid phases. The hypothesis behind this objective is that 
dissolved silica will interact with various solid phases in CSG water through charge interaction with 
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cationic species, condensation on solid phases, di-atoms, etc. Under high ionic strength such 
interactions may also lead to the formation of colloids which will remove dissolved silica from 
solution. Elemental and spectroscopic study will help to understand the compositional and structural 
characteristic of the solids. Distribution of silica among various solid phases, such as humic 
colloids, di-atoms, etc. will be analysed. 
This study enables the characterization of silica speciation in CSG water and determines the fate of 
silica in CSG water. 
Research objective 2: To study the removal of silica using activated alumina 
Activated alumina, which is well known for effective removal of anions, has not attracted 
significant attention to-date for removal of silica. An understanding of the silica removal in both 
batch and column adsorption mode is particularly important for effective design of fixed bed 
column 
The purpose of this study is to identify the important factors controlling the adsorption of silica onto 
activated alumina. Equilibrium and kinetics will enable to better understand the removal mechanism 
of silica onto activated alumina. Column studies will help to estimate the dynamic adsorption 
capacity. 
3. Outline of the thesis 
This thesis has been organized as follows: 
In Chapter 2, a broad overview of silica in various industrial water systems and fundamental 
silica chemistry are discussed. It also gives a brief review of the state of art silica removal 
technologies which are currently practiced in the industry. Finally, the significance and scope of 
work for this thesis have been discussed. 
In Chapter 3, characterization of the CSG water using analytical and spectroscopic 
techniques is discussed. Silica speciation across various streams of a CSG water treatment plant has 
been discussed. Morphology, elemental, and mineral composition of various phases in CSG brine 
have been discussed in  
In Chapter 4, removal of silica from aqueous solution using activated alumina is discussed. 
Equilibrium and kinetic models have been used to identify the key factors for silica adsorption 
using activated alumina. The mechanism of silica adsorption onto activated alumina has been 
described. In addition to the batch adsorption study, silica removal in fixed bed activated alumina 
column has been presented. 
Chapter 5 summarizes the contribution to the knowledge as a result of this research. It also 
includes some recommendations for future research. 
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This thesis has been organized in the article-format. The work describe in chapters 3, and 4 
has been written as self-contained papers suitable for publication with minor or no modifications. 
Therefore, each chapter includes its own abstract and references. As far as possible, uniform and 
standard symbols are used throughout the thesis. The major contents of Chapter 3 are published in 
the following papers: 
 
1. Zaman, M., Birkett, G., Pratt, C., Stuart, B., Pratt, S. (2015). “Downstream Processing of Reverse 
Osmosis Brine: Characterisation of Potential Scaling Compounds” Water Research, 80, 227-234. 
 
2. Zaman, M., Birkett, G., Stuart, B. and Pratt, S. (2013) "Silica removal from coal seam gas brine 
using activated alumina" in CHEMECA: Australasian Conference on Chemical Engineering, 
Brisbane, Australia, pp. 700-703. 
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1. Introduction 
Silica is one the most common scaling compounds in processing of industrial water. Silica 
fouling increases the challenge of operation and maintenance of a number of industrial operation 
including: desalination, geothermal brine management, and micro-electronics industry.  Silica 
fouling increases the cost of operation due to more frequent cleaning and application of high dosage 
of anti-fouling agents in silica bearing water. Therefore, silica removal becomes an essential pre-
treatment step for effective management of industrial process water and wastewater. A number of 
technologies have been developed over the past years for silica removal. 
This chapter presents a broad overview of the silica chemistry and silica fouling problems in 
industrial operations. The state of art silica removal technologies for fouling mitigation in industrial 
systems. This chapter will also give the scope for further research on silica removal from industrial 
water systems. 
2. Silica and industrial water systems 
Although amorphous silica is not considered to be toxic, high concentration of silica in the 
industrial water system can be problematic for efficient industrial operation (Gudmundsson & Bott 
1979). Particularly, when the concentration of silica exceeds the saturation limit. In the case of 
silica concentration higher than 120 mg/L at neutral pH and 25°C , it precipitates out of the solution 
and forms scale on various equipment surfaces, such as pipelines, heat exchangers, reinjection 
wells, reverse osmosis membranes, etc. Once formed, it is extremely difficult to remove and often 
requires the use of harmful chemicals. 
In reverse osmosis desalination plants, water with high silica content can cause severe 
irreversible fouling on membranes (Sheikholeslami & Tan 1999a). This causes significant reduction 
of permeate flux, permeate quality, excessive pressure drop thus increasing the energy cost in 
addition to the cost for frequent membrane cleaning and maintenance. Silica fouling commonly 
occurs in heat exchangers in geothermal operations that use brine or groundwater (Bohlmann, 
Mesmer & Berlinski 1980; Gudmundsson & Bott 1979; Potapov, Karpov & Podverbnyi 2002; Ueda 
et al. 2000; Ueda et al. 2003). In heat exchangers, when a supersaturated silica solution is cooled to 
low temperature, monosilicic acid starts to polymerize. In acidic solutions or in the presence of salts 
it forms silica gel on the heat exchangers surface. In basic solutions, it can either directly 
polymerize on the heat exchanger surface or form colloidal silica which deposited on the heat 
exchanger surface. The scale from direct polymerization is usually more dense and difficult to 
remove (Weres & Tsao 1981). The scales from the colloidal silica are more porous in nature. The 
silica can significantly reduce the heat transfer coefficient and thus affecting the process efficiency. 
In geothermal power plants, the produced brine is passed through a series of heat exchangers to 
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extract heat followed by reinjection to increase the service life of the reservoir (Potapov, Karpov & 
Podverbnyi 2002).  
During the steam generation and subsequent cooling process the brine gets supersaturated 
with silica. This results formation of colloidal silica and scales on the various equipment in the plant 
and reinjection well. In order to increase the efficiency of the geothermal power plant operation 
silica needs to be removed from the produced brine. Chemical clarification is commonly used for 
removal of silica from supersaturated geothermal brine.  In the microelectronic industry, chemical 
mechanical planarization (CMP) is used for polishing the device side semiconductor wafer in order 
to obtain a uniform topography (Den & Huang 2005; Huang, Jiang & Chen 2004) . The CMP waste 
water usually contains large amount of colloidal silica. In order to comply with the environmental 
regulations and minimizing water consumption by water recycling silica needs to be removed from 
the CMP wastewater. Electrocoagulation is the most widely used technique for silica removal from 
CMP wastewater. 
3. Fundamentals of silica chemistry 
3.1. Dissolution of silica 
In natural water, silica is primarily found in three different forms: (1) dissolved silica 
(<0.0001µm), (2) colloidal silica (0.01-0.45µm), particulate silica (>0.45µm)(Meyers 2004). In 
dilute solutions, between acidic-to neutral pH range dissolved silica exists in two different forms: 
(1) monosilicic acid (Si(OH)4) and (2) metasilicic acid (H2SiO3).  In basic solutions, it exists as two 
different deprotonated anionic forms: SiO(OH)
-
3, SiO2(OH)2
2- 
(Bohlmann, Mesmer & Berlinski 
1980) . Silica can be found in natural water either from the dissolution of siliceous rocks and metal 
silicates through the following reaction: 
 
2NaAlSi3O8(s, Albite) + 2H
+
 + 9H2O    Al2Si2O5(OH)4(s, Kaolinite) + 4 Si(OH)4 + 2Na
+
 …...Eq2.1 
 
Al2Si2O5(OH)4(s, Kaolinite) + 6H
+
   2Al
3+
 + 2 Si(OH)4 +H2O …..…………...Eq.2.2 
 
Or, it can be also found from the dissolution of dehydrated quartz and amorphous silica 
(Sheikholeslami et al. 2001) as follows: 
 
SiO2(s) + H2O   Si(OH)4………………………………………………..…………Eq2.3 
 
Irrespective of the type of silica source, the dissolution of silica requires the presence of a 
catalyst. Hydroxide ion acts as a catalyst in alkaline solution and hydrofluoric acid in acid solution. 
During the dissolution process the catalyst is chemisorbed on the silica surface and weakens the Si-
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O bond by increasing coordination number of silicon (Iler 1979). According to the proposed 
mechanism by Iler, R. K. (1979), the chemisorption of the catalyst is followed by a silicon atom 
going into the solution as a silicate ion. At pH 11 or below, the silicate ion is further hydrolysed to 
form monosilicic acid and the hydroxide ion is regenerated by this process. The rate of dissolution 
of silica particle is greatly influenced by the specific surface area and pH of the solution. Baumann 
(1955) reported that the effect of pH on the dissolution of silica is more prominent between the pH 
rang of 3 to 6. Within this range, the rate of dissolution is proportional to the concentration of 
hydroxyl ion in the solution (Baumann 1955). Also, dissolution rate of silica particles shows an 
increasing trend with the decrease in particle size (Iler 1979). The rate of dissolution is also greatly 
affected by the temperature and presence of electrolytes. 
3.2. Silica solubility 
Among the various forms of silica in nature, amorphous silica has the highest solubility in 
water. The solubility of amorphous silica in pure water varies in the range of 100-120 ppm at 25°C 
temperature and near neutral pH (Alexander, Heston & and ller 1954), which is nearly 10 times 
higher than that of quartz. In dilute aqueous solution, the dominating form of silica is monosilicic 
acid Si(OH)4, which is a weak acid with a p
Ka
 value of 9.86 (Worland 1997). In supersaturated 
solution, silica can exist as polymeric, colloidal, and particulate form in addition to the monomeric 
form. The presence of other solids or salts, and changes in condition (temperature, pressure, and 
pH) can significantly affect the solubility of silica in water. Factors affecting silica solubility have 
been widely studied in the literature. Alexander et al. (1954) studied the effect of pH on the 
solubility of amorphous silica. At pH 8 or below silica exist as non-ionic monosilicic acid form. 
However, with an increase in pH, solubility of silica increases due to the formation of silicate ions. 
Fournier and Rowe (1977) studied the effect of temperature on silica solubility at high pressure 
(1034 bars) and found that silica solubility increased with an increase in temperature. Fig.2.2 shows 
the effect of pH and temperature on silica solubility. It can be seen from Fig.2.2a that, with an 
increase in temperature silica solubility increases significantly until it reaches a very high 
temperature beyond which silica solubility decreases (Fournier 1970). At a temperature of 300°C 
and above silica solubility rapidly decreases which leads to the formation of solid silica. While 
amorphous silica is formed almost immediately, formation of crystalline silica is a geochemical 
process and the time scale for formation can range between 10s to 10,000 years and usually not seen 
in industrial operation. Also Fig. 2.2b shows that at low temperature (<100°C), the effect of pH is 
less pronounced until it exceeds 9. Above pH 9, silica solubility increases significantly at all 
temperatures (Okamoto, Okura & Goto 1957) due formation of silicates. Silica solubility in alkaline 
pH range is particularly important for CSG water as its pH value ranges from 8.8 to 9.2 at ambient 
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temperature. The effect of pressure on silica solubility is not significant at or below 100°C (Chan, 
Chen & He 1995; Worland 1997), however, it has been reported that above 200°C the effect of 
pressure is more prominent. At high temperature, with an increase in pressure silica solubility 
increases (Fournier & Rowe 1977). 
The presence of electrolyte also affects the solubility of silica in water. Marshall and 
Warakomski (1980) studied the effect various types of electrolytes from zero to saturation 
concentration on the solubility of amorphous silica (Marshall & Warakomski 1980a). It was found 
that in all cases silica solubility decreases with increased salinity (Fig. 2.1). It was also found in 
their study that the effect of divalent cations (Ca
2+
, Mg
2+
) on silica solubility is higher than that of 
monovalent cations (Na
+
).  However, it was reported in another study that at very low electrolyte 
concentration (0.002M-0.04 M) silica solubility increases with increased level of salinity (Worland 
1997). It was also reported in the same study that presence of various organics favours the silica 
solubility. 
 
Figure 2.1 1Solubility of silica in aqueous salt solution at 25°C (Marshall & Warakomski 
1980b) 
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Figure 2.2 2 (a) Solubility of different forms of silica at various temperatures (Fournier 1970), 
(b) silica solubility at various temperatures and pH (Okamoto, Okura & Goto 1957) 
3.3. Silica polymerization and various forms of silica in water 
Silica primarily exists in two different forms in saturated and supersaturated silica solution: 
(1) dissolved silica , (2) particulate silica. Dissolved silica commonly refers to the monomeric, 
dimeric and oligomeric form of silica which can be detected by colorimetric method. Particulate 
silica refers to the polymeric colloidal and silica minerals found in supersaturated solution and 
geological water, respectively. Silica remains in its true molecular dispersion (dissolved silica) in 
water for a long period of time as long as the concentration is below the saturation level (Iler 1979). 
However, when silica concentration increases above the saturation concentration at a given 
temperature and pH, in the absence of a solid surface on which silica might be deposited, 
monomeric silica starts to polymerize and thus forms dimer, higher molecular weight polymers, and 
finally particles (0.01-0.45µm) known as colloidal silica. The polymerization rate and catalytic 
mechanism is dictated by the pH of the solution. Above pH 2, the polymerization is catalysed by 
OH
-
 and the rate is proportional to the concentration of OH
-
. Below pH 2, the polymerization is 
catalysed by H
+ 
and rate is proportional to its concentration. However, between pH 2 and 3 the rate 
of polymerization is extremely slow and generally increases with pH. At the early stage, the 
polymerization of monosilicic acid is very rapid and it progress in such a way which maximize the 
siloxane bond (Si-O-Si) formation and minimize unreacted SiOH group. This led to the formation 
of three dimensional spherical particles of 1-2 nm size(Iler 1979). Later on, these silica 
nanoparticles act as a nuclei for further growth. These particles have a broad size distribution and 
small particles tend to have higher solubility than larger ones. This led to the occurrence of Oswald 
Ripening, i.e., small silica particles get dissolved and deposited upon the large ones. Therefore, the 
particles diminish in number and grow in average size. The Oswald Ripening phenomenon is more 
pronounced when the particle size is less than 3nm. Therefore, the growth of particles is very rapid 
(a) 
(b) 
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in alkaline solution until it reaches 5-10 nm in size. The growth rate of the particles gets retarded 
after it reaches a size of 10 nm or more. Svensson et al. (1986) confirmed the presence of various 
polymeric forms of silica in highly concentrated silica solution. They have used NMR to calculate 
the equilibrium constant of various polymeric species. It was found in their study that dimers and 
tetramers are the most dominant polymeric species for silica concentration between 2.1 mol/L to 9.3 
mol/L. Surprisingly; no silica colloid was reported in their study. Davis et al. (2002) reported the 
polymerization of silica as function of pH and initial silica concentration (Davis, Chen & Edwards 
2002) . It was reported in their study that silica polymerization is favoured at high pH. A significant 
amount of monomeric silica can be polymerized above pH 8 at concentration as low as 10 mg/L. 
However, no information was provided whether colloidal silica can be formed in this kind of sub-
saturated silica solution. 
The polymerization and mechanism for growth of the particles is quite different in the acidic to 
neutral pH range in compared to the neutral to alkaline pH range. In acidic conditions, the 
polymerization is significantly slower than at alkaline conditions. Also at low pH, the particles do 
not usually have any surface charge and growth occur by aggregation or chaining together of 
polymer. In alkaline pH, the mechanism is entirely different. Due to greater ionization of polymeric 
species, polymerization is greatly favoured and the monomers decrease in concentration very 
rapidly. Also, due to the presence of surface charge, they repel each other and no aggregation or 
chaining together can happen. The particle growth is largely dependent on temperature and usually 
increases in size with increase in temperature. In alkaline solution, in the presence of salts or 
cationic species a bridging effect is observed. The repulsion between the silica particles is reduced 
and particles aggregates to form 3D network (Belton, Deschaume & Perry 2012). However, in the 
absence of salt particles continues to grow up to several hundred nanometers (Fig. 2.2). Colloidal 
silica can also loosely attract organic compounds and inorganic species, such as aluminium, 
magnesium, and calcium oxide and further grow in size. These large size silica species are generally 
terms as „particulate silica‟, which are usually larger than 0.45µm. 
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Figure 2.3 3Schematic representation of silica polymerization (Belton, Deschaume & Perry 
2012) 
A number of studies have been reported in the literature on mechanism and growth kinetics 
of colloidal silica formation in geologically relevant aqueous solutions at high silica concentration 
(Conrad et al. 2007; Icopini, Brantley & Heaney 2005; Tobler, Shaw & Benning 2009).The growth 
kinetics of colloidal silica was studied at various pH (3-11), ionic strength (0.01-.24M), silica 
concentrations (200-6000 mg/L). Icopini et al. (2005) reported that polymerization of silica 
increases as the pH reaches close to neutral and ionic strength increases. For polymerization and 
growth of silica a three stage model was proposed: (1) homogeneous and instantaneous nucleation 
of silica nanoparticle (1-2 nm); (2) 3D, surface controls growth of nanocolloids (up to 8 nm); (3) 
Oswald ripening and aggregation (up to several hundred nanometres). It was reported in their study 
that in brine the kinetics of silica polymerization is faster than water. Also, colloidal silica was less 
stable in high ionic strength solution (0.24M) in compared to the low ionic strength solution 
(0.01M). Conrad et al. (2007) studied the factors affecting not only the colloidal silica formation but 
also the conversation of colloidal silica into precipitated silica. It was found that degree of 
supersaturation, pH, and ionic strength are the key factors which control the growth and aggregation 
kinetics of colloidal silica. 
Silica polymerization can also be affected by the water quality. Sheikholeslami and Tan 
(Sheikholeslami & Tan 1999b; Sheikholeslami et al. 2001) studied the effect of hardness ions on 
silica polymerization. Magnesium was found to be more effective for accelerating the 
polymerization of silica in moderately supersaturated solution (200-400 ppm SiO2).  It was found 
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that for a given total hardness, polymerization rate increased as the Mg:Ca ratio increased. Also, the 
polymerization rate was found to increase with an increase in total hardness at a fixed Mg:Ca ratio. 
Both at high (>500 ppm SiO2) and low (<200 ppm) level of silica supersaturation the effect of 
hardness ions were found to be negligible. 
3.4. Silica in groundwater system 
Silica is one of the major elements of groundwater systems. The dissolution of siliceous 
rocks due to water-rock interactions during circulation of underground water is the main source of 
silica in groundwater (Iler 1979). Typically, silica concentration in groundwater varies between 1 to 
30 mg/L (Davis 1964). In ground water systems, silica primarily exists as its monomeric form 
monosilicic acid, Si(OH)4. Polymerized silica colloids are not generally found in groundwater 
below amorphous silica saturation concentration (Haines & Lloyd 81). However, siliceous colloids 
can be found in groundwater, where silica is associated/bound to groundwater colloidal matters 
(George, Steinberg & Hodge 2000). In groundwater, inorganic colloids can be generated by 
physical fragmentation of the components of host rock due to erosion by circulating water, which 
are known as primary groundwater colloids. (Degueldre et al. 1996). In addition, secondary 
colloidal particles can also be formed when changes in groundwater conditions cause 
supersaturation with respect to certain dissolved mineral which favours homogeneous nucleation 
and colloidal particle formation (Kuno, Kamei & Ohtani 2002).  Ryan and Gschwend (1990) 
studied the elemental composition of groundwater colloids in two different coastal plain aquifers.  It 
was found in their study that the colloids were primarily composed of geological minerals and silica 
was one of the key elements of those colloids (Ryan & Gschwend 1990). Degueldre et al. (1996) 
studied the chemical composition of colloids in granitic aquifers and found that those colloids are 
primarily formed of polysilicates and silica originating from aquifers minerals (Degueldre et al. 
1996). The colloids were found stable in groundwater with a size range from 100 to 1000 nm. 
However, larger colloids were found to be sediment out. Fig.2.3 shows the micrograph of these 
colloids, which are generally non-spherical with random shape and size. Gschwend et al. (1990) 
studied the mobilization of colloids in groundwater due to infiltration of water near a coal ash 
disposal site. It was found in their study that the dissolution of cementing carbonates in geological 
rock by acidic infiltrating water produces geological colloids of 100nm to 2000 nm size and 
primarily of silicates (Gschwend et al. 1990).  
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Figure 2.4 4 Micrograph of siliceous groundwater colloids (Degueldre et al. 1996) 
In geothermal operations, cooling of the utilized water may induce colloidal silica formation 
in the geothermal fluid. The interaction of water and siliceous rocks at high temperature (250-
300°C) and pressure (4-40 MPa) results in geothermal fluid with a typical monomeric silica 
concentration of 500-700 ppm, which is undersaturated at the given temperature and pressure. As 
the fluid flows in wells of the geothermal power plant, simultaneous drop of temperature (~100-
200°C) and pressure produces brine with silica concentration more than 1000 ppm, which becomes 
supersatured with respect to dissolved silica. The excess monosilicic acid comes out of the solution 
by forming colloidal silica particle which remain in equilibrium with the dissolved monosilicic acid 
in the geothermal brine. 
3.5. Deposition of silica from water  
Silica super-saturation can cause silica to precipitate out as polymeric colloidal silica and 
deposit on solid surface either as monomer or colloids or both. The deposition of silica on solid 
surface is the opposite process of dissolution of silica from geological rock. Generally, the 
deposition is catalysed by hydroxide ion and accelerated by the presence of salts (Sheikholeslami & 
Tan 1999b).  
According to Iler (1979), there are three primary mechanisms by which silica deposition occurs 
(Iler 1979): 
1. Surface deposition: As a monomeric deposition on solid surface, where the solid surface is 
enriched with hydroxyl (-OH) group and Si(OH)4 condenses through them. If the solid 
surface is a metal hydroxide, then the deposition is further enhanced and it will form a 
silicate at the pH involved. Once a monolayer of silica has been built up on the solid surface, 
further deposition will be on silica making a multi-layered film on the solid surface. This 
kind of deposition is an opposite of silica dissolution process. The deposition is catalysed by 
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hydroxyl ion and accelerated by the presence of salt. The deposition usually happens above 
pH 8. The rate of deposition increases with increasing supersaturation and salt 
concentration. This type of deposition phenomenon is common in industrial operations 
where metallic surfaces are corroded and covered with metal oxides and hydroxides. In the 
presence of a solid surface, excess dissolved silica in supersaturated solution can be 
deposited in the following ways (Euvrard, Hadi & Foissy 2007) : 
 
SiO3
2-
 + 2 H2O H3SiO4
3-
 + OH
-
 
2 H3SiO4
3-
    Si2O5
2-
 + 3 H2O 
H3SiO4
3-
 Si(OH)4 + OH
-
 
Si(OH)4 SiO2 + 2H2O 
 
 For this kind of scale to be formed, silica concentration should be high enough to reach 
supersaturation but low enough to prevent colloidal silica formation. The nature of silica 
deposit from deposition of monomeric silica is film-like, nonporous, compact, and vitreous 
(Mroczek & Reeves 1994) .However, no deposition occurs from a solution of dissolved 
silica above pH 11 as silica dissolves as silicate ion.  
2. Bulk precipitation: As colloidal particles remaining in the solution. This particularly 
happens if there is an insufficient area of receptive surface for rapid deposition of Si(OH)4  
and silica concentration is significantly greater than the amorphous silica saturation 
concentration. The polymerization of monosilicic acid starts with low molecular weight 
oligomers which further polymerize to form three dimensional spherical colloidal silica 
particles. As particles grow in number and size, they colloid with each other and finally 
become so large that they precipitate on solid surface. The deposition of colloidal silica on 
solid surface involves two steps: transport and attachment (Sinclair 2012). In order to be 
deposited on solid surface, colloidal silica must be transported from the bulk solution to the 
solid surface which is dependent on the hydrodynamic condition and can be affected by 
various factors, such as fluid velocity, fluid density, viscosity, particle density, particle size, 
etc. Once the particle reaches the solid surface the deposition is dependent on the relative 
magnitude and sign of electrical double layer forces (DLVO forces) and London van der 
Walls forces. The interaction and attachment between colloidal particle and solid surface 
can be affected by various factors, such as ionic strength, pH, temperature, particle surface 
morphology, etc. For example, in low ionic strength solution colloidal silica has a lesser 
tendency to scale compared to monomeric silica (Gunnarsson & Arnorsson September 
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2003). Contrarily, the rate of colloidal silica deposition is one or two order of magnitude 
higher than dissolved silica in geothermal brine of high ionic strength (Weres & Tsao 1981). 
Colloidal deposits are generally less dense and porous in nature. However, in the presence of 
dissolved silica, deposition is greatly accelerated due to cementing effect of deposited 
monomeric silica between colloidal particles. The deposits from a mixture of colloidal and 
dissolved silica are also more dense and hard in compared to pure colloidal silica deposits 
(Iler 1979). 
3. In living organisms: As biogenic amorphous silica, where a living organism, such as algae, 
radiolarian, silicoflagellates, and siliceous spngescan can accumulate silica within 
themselves both from concentrated and extremely dilute solution. This typically occurs in 
marine systems. 
4. Silica removal technologies 
Extensive research has been conducted on the removal of silica from water. Several methods 
have been successfully applied for silica removal, which can be generally classified into two 
groups: (1) clarification and (2) adsorption and ion exchange processes. Clarification can be further 
classified into: (1) chemical clarification and (2) electrocoagulation process. 
4.1. Chemical clarification 
Chemical clarification is one of the most widely used techniques for removal of silica from 
water. It involves the removal of silica by precipitation, coagulation, and flocculation using suitable 
chemical reagents. A variety of reagents, such as metal salts(Duan & Gregory 1998; Kim, Yoon & 
Lee 2009; Liu et al. 2012; Omelia & Stumm 1967; Zeng et al. 2007a) , cationic surfactants(Koopal 
et al. 1999; Ueda et al. 2000), lime- soda ash-caustic treatment (Al-Mutaz & Al-Anezi 2004; Al-
Rehaili 2003; Hsu et al. 2008; Masarwa et al. 1997; Ueda et al. 2003; Wahab & Batchelor 2007) , 
polymers(Chuang et al. 2007; Hermosilla et al. 2012), alum(Al-Rehaili 2003; Cheng, Chen & Yang 
2009; Chuang et al. 2007; Duan & Gregory 1998; Kuan & Hu 2009) , etc. have been used.  
Coagulation is primarily governed by two mechanisms: (1) charge neutralization by cationic 
species; (2) adsorption onto metal hydroxide precipitates. In charge neutralization mechanism, 
cationic species are electrostatically adsorbed or form a complex with negatively charged silica in 
water. The adsorption of oppositely charge ions reduces the zeta potential and eventually causes 
destabilization of silica. A low coagulant dosage is preferred for charge neutralization mechanism 
as excessive dosage of coagulant can cause charge reversal and re-stabilization.  In hydroxide 
precipitation method, silica is usually adsorbed or encapsulated in the metal hydroxide precipitate 
and removed by sedimentation. The actual mechanism of silica removal by metal hydroxide is not 
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fully understood yet. However, in general it is observed that an increase in the amount of solid 
precipitate improves the silica removal.  
Colloidal silica can further be removed by flocculation using polymers. The polymer is 
adsorbed on the silica particle either by electrostatic attraction or by hydrogen bonding and acts as a 
bridging component between silica particles. In this process, dosage of polymer must be carefully 
controlled as an excess of polymers may act as a stabilizing agent and re-disperse the silica. 
Chemical softening of reverse osmosis brine has been proven to be a very effective method for 
removal of silica. Several methods for removal of silica have been reported in the literature (Al-
Mutaz & Al-Anezi 2004; Gabelich et al. 2007; Hsu et al. 2008; Sheikholeslami et al. 2002; 
Subramani et al. 2012). Chemical softening is particularly effective when the water has a high 
calcium and magnesium content. However, no silica removal occurs until the lime dosage exceeds 
the lime equivalent of the alkalinity (Tarquin 2005). Silica was removed by 80% by lime softening 
and by 85% by caustic treatment (Subramani et al. 2012) from reverse osmosis brine of a mining 
industry tailing wastewater in Chile. During the softening process, calcium is removed as calcium 
carbonate while magnesium is precipitated as magnesium hydroxide. Silica is removed by co-
precipitation with magnesium hydroxide or by adsorption onto amorphous magnesium hydroxide 
flocs.  For chemical softening a high pH is required as silica removal only occurs after pH is high 
enough to induce magnesium hydroxide precipitation (Bond & Veerapaneni 2007). 
Hsu et al. (2008) proposed three different pathways for removal of silica during chemical 
softening process (Hsu et al. 2008). It was revealed from their study that co-precipitation is the 
dominant mechanism and it follows the following order: co-precipitation > adsorption by 
amorphous precipitants (freshly precipitated) > adsorption by aged precipitants. Wahab and 
Batchelor (2007) reported the simultaneous removal of silica and chloride where silica is 
precipitated as calcium silicate and calcium aluminosilicate (Wahab & Batchelor 2007) . Subramani 
et al. (2012) reported that during lime softening process addition of soda ash and anionic polymers 
enhance the formation of precipitate and removal of silica (Subramani et al. 2012). Sheikholeslami 
(2002) reported the removal of silica by sodium aluminate, soda ash, and lime (Sheikholeslami et al. 
2002). It was found that addition of flocculants during the softening process improves the silica 
removal. 
4.2. Electrocoagulation 
Electrocoagulation is an alternative approach to conventional chemical precipitation method. 
In electrocoagulation process, an electrical current is generated between the electrodes and anodic 
oxidation facilitates the in-situ production of coagulant (Den & Huang 2005; Kumar et al. 2004; 
Wang et al. 2009). Fig. 2.4 shows a schematic of electrocoagulation process. 
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Figure 2.5 5Schematic representation of an electrocoagulation process (Wang et al. 2009) 
Commonly, iron and aluminium electrodes are selected for the electrocoagulation process. 
The metallic ion being released from the electrode can be hydrolysed and form metal hydroxide 
which can act as flocculants or adsorbents for pollutants removal. The key benefits of 
electrocoagulation process over chemical precipitation process include: no external chemical 
reagent required, ease of design and operation, reduced sludge volume (Ben Sasson & Adin 2010).   
Electrocoagulation is usually a faster process in compared to chemical coagulation. Wang et 
al. (2009) reported the removal of 95% silica from a colloidal suspension in 10 min using Al-Fe 
electrode pair (Wang et al. 2009).  Den and Huang optimized the process parameters for silica 
nanoparticles removal (Den & Huang 2006). They also studied the kinetics of silica particle 
removal and found that rate of silica colloid coagulation near electrode surface is the rate-limiting 
factor (Den & Huang 2006). They found the removal of silica nanoparticle from chemical-
mechanical-planarization wastewater produced much less sludge in electrocoagulation process 
when compared to conventional chemical coagulation using polyaluminium chloride (Den & Huang 
2005) , therefore, producing less environmental impact. Den and Wang (Den & Wang 2008) 
reported the removal of dissolved silica from saturated and unsaturated brackish water with a 
removal efficiency of more than 80%.  
4.3. Adsorption and ion exchange processes 
Adsorption/ion-exchange processes are found to be very effective for removal of geogenic 
pollutants from aqueous solutions (Ayoob, Gupta & Bhat 2008; Bhatnagar, Kumar & Sillanpaa 
2011; Mohan & Pittman 2007; Prabhakar et al. 1992; Saleem et al. 1992). In this process, the 
pollutant in the bulk liquid phase is accumulated in a small volume of solid material, which can be 
regenerated and reused in a cyclic process, or disposed off under safety control. The selectivity, 
high capacity, and robustness make adsorption/ion-exchange process attractive candidate for 
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removal of pollutants from aqueous solutions. Among the various adsorbent, activated alumina is 
found to be the most effective adsorbent for removal of anions from aqueous solution. A significant 
body of literature is published on removal of anionic pollutants, such as fluoride, arsenic etc. using 
activated alumina (Ayoob, Gupta & Bhat 2008; Bhatnagar, Kumar & Sillanpaa 2011; Mohan & 
Pittman 2007).  A number of studies have been also reported in the literature on the removal of 
dissolved silica from sub-saturated aqueous solution using activated alumina and ion-exchange 
resins. 
Behrman and Gustafson (1940) reported the first study on removing silica from aqueous 
solution using activated alumina (Behrman & Gustafson 1940). They reported the reduction of 
silica in a bed of activated alumina from 68 mg/L to 5 mg/L. Batch adsorption test were also 
conducted in order to identify the effect of various parameters, such as pH, temperature, contact 
time, and adsorbent dosage. A pH between 8 and 9 was found to be optimum for removal of 
dissolve silica (Bouguerra et al. 2007; Matson 1981). Mouche and Matson (1981) also reported the 
regeneration of activated alumina using caustic wash followed by sulphuric acid wash (Mauche & 
Matson 1981). Bond and Veerapaneni (2007) found that activated alumina can be restored to 70 to 
80% of its initial adsorption capacity with caustic wash followed sulphuric acid wash (Bond & 
Veerapaneni 2007). The duration of regeneration was fund to have no effect on adsorption capacity 
of the regenerated activated alumina for the range of regeneration times tested, 5 to 60 minutes. 
Zaganiaris et al. (1992) studied the removal of silica from sub-saturated and super-saturated 
aqueous solution using strong base anionic-exchange resin (Zaganiaris, Doulut & Morino 1992). 
Silica removal efficiency from super-saturated solution was fund to be higher where a portion of the 
retained silica was in non-ionic form. It was concluded in their study that whenever silica 
concentration exceeds the solubility limit there is a greater risk of polymerization on resin surface. 
However, presence of bicarbonate can reduce the probability of silica polymerization because of the 
diffuse ion-exchange zone between silica and bicarbonate. Ali et al. (2004) studied the 
thermodynamic and kinetic aspects of dissolved silica removal using strong ion-exchange resin (Ali 
et al. 2004b). Silica showed better selectivity when the resin is in hydroxide form. Silica anion 
exchange was found to be rapid and reversible.  
4.4. HERO
TM
 silica scale mitigation process  
High efficiency reverse osmosis (HERO) process is a specially designed reverse osmosis process 
for mitigation of silica scaling in downstream brine treatment. This technology has recently gained 
much interest due to their capability to handle high silica water. HERO
TM
 process increases the 
solubility of silica up to 1500 ppm by adjusting the pH of the brine which facilitates water recovery 
beyond 90%. However, divalent metal ions must be removed prior to desalination in order to 
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prevent alkaline and non-alkaline scale formation. This kind of technology is particularly suitable 
for downstream water treatment in CSG operation. 
5. Summary and scope of research 
Silica and silicate based compounds can cause a significant fouling problems in various 
industrial water systems, such as cooling, reverse osmosis desalination, geothermal , chemical-
mechanical-planarization water, boiler feed water, brine concentration, etc.  Mitigation of silica 
fouling from such water systems continues to be the most challenging task for water technologist in 
heat exchange operations. Over the past years, a significant amount of research has been conducted 
to develop methods for silica removal from industrial water system. 
In the past decades, chemical clarification and electrocoagulation was the focus of research 
for developing technologies for silica removal. These methods are particularly applicable for water 
systems consist of particulate silica. They have limited applicability for removal of dissolve silica 
except magnesium hydroxide precipitation which requires high pH for precipitation and adsorption 
of dissolve silica. These flocculation and coagulation methods produce a significant amount sludge 
which requires post treatment and land filling. 
Adsorption and ion-exchange on the other hand, offers great potential for removal of silica. 
Moreover, their cost, ease of design, and flexibility in operation makes them preferable over other 
treatment techniques. Although adsorption is in the forefront of water technologies over a long 
period of time, little research has been reported on the removal of silica using adsorption technique. 
Activated alumina which is widely used for removal of fluoride and arsenic from groundwater has 
been applied to remove silica only in a handful number of studies in the past 50 years. Most of these 
studies were limited to adsorption capacity characterization.  
Coal seam gas water is a complex matrix of multi-components, such as silica, hardness ions, 
cations, organics, diatoms, etc. Silica can be present in coal seam gas water in a variety of forms 
and nature of silica in CSG brine will have a significant influence on the selection of downstream 
CSG water management. Therefore, fundamental understanding of the silica chemistry in coal seam 
gas water is very important.  
Although, activated alumina has been widely used for removal of anions from groundwater, 
very little research has been done for removal of silica using activated alumina. To the best of our 
knowledge there is no paper that reports the adsorption mechanism of silica onto activated alumina. 
Also, no research reported in the literature on the column performance of silica removal by 
activated alumina. 
 
 
 
 
22 
 
The scope of work for this research has been laid out as follows: 
 Characterization of silica and siliceous compounds in coal seam gas brine 
 Study the adsorption mechanism of silica onto activated alumina in batch mode 
 Study the performance of activated alumina column on silica removal 
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CHAPTER THREE 
DOWNSTREAM PROCESSING OF 
REVERSE OSMOSIS BRINE: 
CHARACTERISATION OF POTENTIAL 
SCALING COMPOUNDS 
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1. Abstract 
Reverse osmosis (RO) brine produced at a full-scale coal seam gas (CSG) water treatment 
facility was characterized with spectroscopic and other analytical techniques. A number of potential 
scalants including silica, calcium, magnesium, sulphates and carbonates, all of which were present 
in dissolved and non-dissolved forms, were characterized. The presence of spherical particles with a 
size range of 10-100 nm and aggregates of 1 to 10 microns was confirmed by transmission electron 
microscopy (TEM). Those particulates contained the following metals in decreasing order:  K, Si, 
Sr, Ca, B, Ba, Mg, P, and S. Characterization showed that nearly one-third of the total silicon in the 
brine was present in the particulates. Further, analysis of the RO brine suggested supersaturation 
and precipitation of metal carbonates and sulphates during the RO process should take place and 
could be responsible for subsequently capturing silica in the solid phase.  However, the precipitation 
of crystalline carbonates and sulphates are complex. X-ray diffraction analysis did not confirm the 
presence of common calcium carbonates or sulphates but instead showed the presence of a suite of 
complex minerals, to which amorphous silica and/or silica rich compounds could have adhered. A 
filtration study showed that majority of the siliceous particles were less than 220 nm in size, but 
could still be potentially captured using a low molecular weight ultrafiltration membrane. 
 
Keywords: Reverse osmosis; brine; scaling compound; filtration 
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1. Introduction 
Groundwater desalination is vital for water supply as well as management of water extracted 
during mining and agricultural activities in many parts of the world.  Reverse osmosis (RO) 
membrane separation is widely used for this purpose, with the products being desalinated water and 
brine. The brine is typically 15-20% by volume of the feed water ; at least 80% of the feed water is 
recovered as pure water. Near the coast the brine can be discharged to the ocean, but in inland 
regions management of this brine is one of the key challenges for RO desalination plants (Morillo et 
al. 2014).  
One option for sustainable management of RO brine is concentration and recovery of salts, which 
results in the production of more desalinated water and near zero waste-liquid discharge (ZWLD) 
(Bond & Veerapaneni 2007). Salt recovery from brine can be achieved using various technologies, 
such as evaporation, membrane technology, hybrid technologies (pervaporization), although such 
technologies are highly susceptible to the formation of scale (Cipollina, Micale & Rizzuti 2011; 
Mericq, Laborie & Cabassud 2010).  Mineral precipitation and scaling occur when the 
concentrations of scale precursor ions (Ca
2+
, Mg
2+
, Sr
2+
, Ba
2+
, OH
-
, SO4
2-
, CO3
2-
, H3SiO4
-
, etc.) 
exceed the solubility limit of silicates and various mineral salts, such as metal (Ca, Mg, Sr) 
carbontes , sulfates, silicates, phosphates, and their co-precipitates .  Although precipitation and 
fouling of these compounds on RO membrane surfaces has been studied significantly over the past 
years (Goosen et al. 2004; Potts, Ahlert & Wang 1981), less attention has been paid on their 
formation in the reject brine during RO post-treatments.  
Of particular concern for fouling RO membranes and downstream evaporators is silica scale, 
which, once deposited, is extremely difficult to remove. Silica may be present in particulate or 
dissolved form (Zaman et al. 2013).  The rate of deposition of particulate silica is one or two orders 
of magnitude higher than of polymerisation of dissolved silica (Weres & Tsao 1981). Particulate 
silica deposits are generally less dense, porous in nature and easier to remove from heat exchangers 
surface. However, deposits from a mixture of colloidal and dissolved silica are more dense and hard 
compared to pure colloidal silica deposits (Iler 1979).  
The effect of temperature, pH, and salinity on silica solubility has been extensively studied 
in the literature. At 25
o
C, neutral pH, and zero salinity, solubility is in the order of 100 to 120 mgL
-
1
. This increases with increasing temperature, increases sharply at very high pH (above 9.5), but 
decreases with increasing salinity (Fournier 1970; Marshall & Warakomski 1980b; Okamoto, Okura 
& Goto 1957). The concentrations of silica and other problematic compounds in groundwater are 
generally far below those that lead to deposition, but their concentrations are elevated in RO brine, 
generally by a factor of 5 to 10 (Antony et al. 2011; Mi & Elimelech 2013; Sanciolo et al. 2014; 
Tomaszewska & Bodzek 2013; Zhang et al. 2014), which could possibly results in scale formation. 
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Also, Milne et al. (2014) conclude that the presence of precursor cations, including, calcium, 
magnesium, aluminium, and iron, reduces apparent silica solubility, and can lead to scale formation 
at concentration below silica saturation(Milne et al. 2014). Additionally, silica adsorption to metal 
hydroxide can takes place.  
This work investigates the consequence of RO treatment on the solubility of scaling 
compounds, with a view to understanding the potential to capture these compounds prior to 
subsequent brine concentration. Emphasis is placed on silica, its solubility and its interaction with 
metal precipitates, as silica can co-precipitate with other common minerals and multivalent cations 
forming complex mineral structures (Badruk & Matsunaga 2001; Butt, Rahman & Baduruthamal 
1995; Butt, Rahman & Baduruthamal 1997; Greenlee et al. 2009; Hsu et al. 2008; Ji et al. 2010; 
Mariah et al. 2006; Mericq, Laborie & Cabassud 2010; Pandey et al. 2012; Qu et al. 2009; 
Sheikholeslami & Bright 2002). The groundwater considered in this work is water associated with 
the extraction of coal seam gas (CSG). Coal seam gas (CSG), a growing industry in Australia, 
anticipated to produce in the order of 30 GL of reverse osmosis brine every year (Klohn Crippen 
Berger 2012). Several CSG producers in Australia are considering a zero waste-liquid discharge 
(ZWLD) strategy for sustainable management of brine, which will require post RO evaporation and 
salt crystallization.  
2. Experimental 
Samples from a full-scale CSG water treatment facility were collected for the 
characterization of chemical composition. Samples were stored at 23°C.  Fig. 1 shows the typical 
treatment train for ZWLD CSG water treatment.  The produced CSG water from the coal seams is 
separated from the gas at the well site and sent to the water treatment facility. The raw water 
undergoes microfiltration followed by RO desalination. The RO brine is sent to the brine pre-
treatment process for removal of scaling compounds. The pre-treated brine is then sent to the brine 
treatment facility where salt is recovered. 
Physical and chemical characterization of silica and other potential scalants were conducted 
using various spectroscopic and analytical techniques. Water quality data obtained from the CSG 
water treatment plant was used to help interpret the experimental observations about scaling 
compounds in the reverse osmosis brine. 
2.1. Sample collection 
CSG water and brine samples were collected from water treatment facility near Roma in 
Queensland, Australia. Samples were collected from the input and output of major process units as 
shown in Fig. 1. All samples were collected on the same day with minimal time delay in order to 
minimize the fluctuations in water quality.  
 
 
27 
 
 
Figure 3.16Simplified block flow diagram and sampling layout of a CSG water treatment 
facility 
2.2. Quantification of silica 
Total silica was measured by Inductively Coupled Plasma-Optical Emission Spectrometry 
(ICP-OES). Dissolved silica was measured by colorimetric method. Particulate silica was calculated 
as the difference between total and dissolved silica concentration.  
Molybdosilicate colorimetric method (HACH 8185) was used to measure the dissolved silica in all 
water and brine samples (Ali et al. 2004b). For brine samples, a five times dilution was applied in 
order to maintain an ionic strength of less than 0.05 molar. A HACH  DR2700 spectrophotometer 
was used to measure the dissolved silica concentration. The instrument was calibrated with a 100 
mgL
-1
standard solution obtained from HACH, Australia. All the samples were filtered with a 
0.45µm filter before analysis to remove suspended particles. Triplicates revealed a standard 
deviation of ±1mgL
-1
 Si.  
The quantification of total silicon (dissolved and particulate) was carried out by the 
hydrofluoric (HF) acid transformation method (Zeng et al. 2007b). HF digestion transformed the 
non-dissolved silica into dissolve silica. Inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) was then used to measure the total silicon content in water and brine samples. The 
digestions were performed by microwave in Teflon vessels; the digested samples were made up in 
plastic volumetric flasks and a Teflon Sturman-Masters design spray chamber and ceramic 
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nebuliser was used to transport the sample to the ICP torch. Standard silicon solutions of 0, 10, 50, 
and 100 ppm was used to calibrate the instrument.  
2.3. Transmission electron microscopy (tem) analysis 
Size and shape of the particulates was analysed by transmission electron microscopy. 20 µL 
of CSG brine with particulate silica concentration of 30 mgL
-1
 was pipetted onto a carbon coated 
200 mesh copper grid. The particles were allowed to settle for 5 min and the excess liquid was 
removed by a blotting paper, and then examined using a JEOL 1010 scanning transmission electron 
microscope (STEM), operated at an acceleration voltage of 200 keV.  
 
2.4. Elemental composition of particulate material 
The elemental composition of the solids was determined from the chemical difference 
between the filtered and un-filtered sample. The brine sample was filtered using a VivaSpin 15R 
modified regenerated cellulose ultra-filtration membrane (MWCO: 5000) using a fixed angle 
centrifuge at 6000g. The filtration tube was pre-rinsed with distilled water at the same speed to 
remove trace amount of glycerine and sodium azide associated with the membrane. The filtrate and 
concentrate was decanted after filtering the CSG brine. After filtration the brine filtrate and 
unfiltered brine was analysed for inorganic elements using ICP-OES, and an Flash 2000 CHNS/O 
elemental analyser (for C, O, N, S). Filtration of particulate solids was also studied by filtering the 
brine solution through 0.22µm, 0.45µm, and 1µm filter paper. The filtrates were analysed with ICP 
and elemental analyser. 
 
2.5. X-ray diffraction (XRD) study 
The phase structure of the brine solids were identified using a Bruker D8 Advance X-Ray 
Diffractometer. The dried powdered sample was irradiated with X-rays from Cu Kα radiation 
(λ=1.5418A°) operating at 40mA and 40kV. The 2θ range was from 10° to 90° at scan rate of 1 
sec/step. The fixed divergence slit was 0.26deg and receiving slit width was 5.0mm. Sample was 
rotated at 15rpm. 
3. Results 
3.1. Coal seam gas water chemistry 
The CSG water used in this study was obtained from a full scale water treatment facility in 
Roma, Queensland. The RO process operates at a desalting ratio of 80%, which in turn generates a 
brine stream which is about 5 times concentrated compared to the raw CSG water.  The water 
quality data of RO feed and RO brine is shown in Table 1. In short, CSG water is very rich in 
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sodium and bicarbonate, with potassium, calcium, magnesium and strontium also prevalent. It was 
found that total organic carbon (determined from total C accounting for inorganic C) was in the 
range of 5-20 mgL
-1
for the CSG water and 20-120 mgL
-1
 for RO brine. The nature of the organics 
was not characterized but it has been reported that cations can adhere to humics, and anions can 
bind them with conglomerates (Takahashi et al. 1999).  The silica concentration in raw CSG water 
is relatively low, but the RO water recovery process increases the silica concentration to near 
saturation.  
 
Table 3.11Water quality data of feed and brine stream from reverse osmosis desalination of 
coal seam gas water at a CSG water treatment plant. Standard deviations in bracket (n=5 
over 5 years) 
Analyte (mmol/litre) RO feed RO Brine 
Carbonate alkalinity as CO3
2-
 3.34 (0.75) 6.02 (1.16) 
Aluminium <0.001 <0.004 
Barium 0.019 (0.003) 0.100 (0.012) 
Boron 0.27 (0.02) 1.31 (0.13) 
Calcium 0.21 (0.04) 1.10 (0.14) 
Chloride 72.73 (7.56) 381.60 (49.59) 
Magnesium 0.100 (0.02) 0.49 (0.08) 
Phosphorous (as HPO4
3-
) 0.003 (0.002) 0.025 (0.015) 
Potassium 0.37 (0.07) 1.85 (0.25) 
Silica 0.75 (0.15) 3.69 (0.32) 
Sulphur as Sulphate ND -0.375 ND -1.64 
Sodium 109.04 (7.89) 561.44 (64.44) 
Strontium 0.044 (0.004) 0.208 (0.021) 
pH 9.125 (0.095) 8.842 (0.050) 
 
3.2. Silica characterization in coal seam gas water 
In natural water systems, silica can exist in both dissolved and particulate forms (Belton, 
Deschaume & Perry 2012). Particulate silica can be formed either from a biological or geochemical 
process in natural water. In biochemical process, micro-organisms , such as the algae, diatoms 
absorb silica in their skeletal structure and thus particulate silica are formed. Ning (2002) states that 
biochemical extraction and deposition of silica by living organisms constitutes a major deposition 
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pathway (Ning 2003).  On the other hand, silica solubility fluctuation is primarily responsible for 
particulate silica formation in geochemical processes. Although the literature on particulate silica 
commonly refers to the polymeric colloidal silica and biogenic silica, it can also refer to the silica-
containing mineral precipitates in a groundwater system. Fig.3.2 shows the forms of silica in 
various process streams of the CSG water treatment facility. The difference between the total and 
dissolved silica reveals the particulate silica in each sample. The figure shows that in all process 
streams silica exists in both dissolved and particulate forms. The particulate form of silica in the 
pond water may originate form biological or geochemical processes. The increased total silica 
concentration in the pond water can be attributed to the unsteady state of operation at the water 
treatment facility and evaporation of water from the pond. The RO brine shows increased total silica 
concentration due to a concentration factor of 5 through reverse osmosis.  
It is also evident that the particulate fraction of silica is not the same in all streams. The 
pond water and RO brine consist of significant fractions of particulate silica compared to other 
water samples. While, as already mentioned, the origin of particulate silica in pond water could be 
from biological or geological sources, the particulate silica in RO brine must be from the 
precipitation/polymerization of scalants in the brine (Antony et al. 2011; Mi & Elimelech 2013; 
Tomaszewska & Bodzek 2013; Zhang et al. 2014). The small fraction of particulate silica (~ 1 mgL
-
1
) in RO feed can be due to the sub-micron size clay minerals originated from the pond water which 
were not captured in the microfiltration stage. 
 
Figure 3.27Silica concentrations at various sampling point in the CSG water treatment facility 
3.3. Morphology and size characterization of brine solids 
Transmission electron microscopy was used to investigate the morphology and state of 
dispersion of particulates in CSG brine. Fig. 3 shows the morphology of particulate mineral 
precipitates in CSG brine. The particles were found to be generally spherical. The higher 
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magnification image in Fig.3B shows a core-shell structure of these nanoparticles. Similar 
structures were observed for precipitates in the RO brine with high silica concentration (Malki & 
Abbas 2013). The particle size was found to be in the size range of 10 - 100 nm. Also, some 
aggregated network-like structures (Fig. 3C) were observed which can be due to the high ionic 
strength of the brine solution (Belton, Deschaume & Perry 2012). Some of the aggregation could 
also be artefact of the drying process of TEM sample preparation. 
 
       
Figure 3.38TEM micrographs of particulate solids in CSG brine (scale bar: 1µm): (A) 
individual nanoparticles(scale bar: 1µm), (B) core-shell morphology of nanoparticles(scale 
bar: 200 nm), (C) aggregated network structures(scale bar: 1µm) 
3.4. Filtration of brine solids 
Silica characterization revealed that a significant fraction (nearly one-third) of total silica in 
RO brine is associated with particulates. Therefore, filtration could potentially remove some silica 
from the CSG brine. It can be seen from Fig. 4, the total silica concentration in CSG brine was 
reduced from 120 mgL
-1
 to about 105 mgL
-1
in conventional microfiltration membranes (0.22, 0.45, 
and 1 µm pore size). On the other hand, with an ultrafiltration membrane (5000 MWCO) the silica 
concentration was reduced from 120 mgL
-1 
to just 86 mgL
-1
.  
(A) (B) 
(C) 
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Figure 3.49Silica removal using filtration 
3.5. Elemental composition of brine solids 
Elemental composition of the colloidal solids in CSG brine was determined from the water 
chemistry difference between filtered and un-filtered sample. CSG brine was filtered using a 
VivaSpin 15 ultrafiltration membrane (MWCO: 5000). Three parallel filtrations were conducted 
and each filtrate was analysed three times so that the chemical difference could be evaluated. Fig. 5 
shows the difference in elemental composition of CSG brine before and after the ultrafiltration.  K, 
Si, Sr, Ca, B, Ba, Mg, P, and S were found to be the key elements of solid phase in CSG brine. The 
difference in elemental composition for all other elements were found to be below the limit of 
quantification for ICP-OES, and hence not considered in the solid phase composition. 
 
Figure 3.510Concentration difference in elements in CSG brine before and after 
ultrafiltration 
 
 
33 
 
3.6. Supersaturation in RO brine 
Reverse osmosis concentrates the water in the CSG water treatment plants. The brine is 
expected to be further concentrated to achieve zero liquid waste discharge. These multi-stage 
concentration processes of CSG brine result in an increase of the saturation index of various 
sparingly soluble salts; the saturation index of mineral salts is given by the following equation 
(Rahardianto et al. 2007): 
Saturation Index, SIx=IAP/Ksp,x …………………………………………….....Eq. 3.1 
Where, IAP is the ion activity product and Ksp,x is the solubility product for mineral salt, x. 
The activity of a given ion in the solution can be calculated by multiplying the given concentration 
with its activity coefficient in the solution, which can be obtained from Debye-Huckel equation 
(Tissue 2013). The solubility of the given minerals can be obtained from literature and corrected for 
ionic strength of the solution (Tissue 2013). 
An increase in saturation index above 1 could lead to the precipitation of dissolved minerals 
and formation of scalants in the CSG brine, which could cause fouling problems on process 
equipment. This would severely hinder the heat transfer efficiency and reduce the overall process 
performance. 
 
Table 3.22Potential scaling information with respect to the major scale constituent in CSG 
water at pH 8.8 and 80% water recovery. IAP determined from activity coefficients estimated 
from Pitzer equations, considering ionic strength. Ksp at standard condition obtained from 
Royal Society of Chemistry data book. 
Minerals Saturation 
Index, 
SIx(IAP/Ksp,x) 
Ksp (25°C) Cation 
Concentration 
(mM) 
Anion 
Concentration 
(mM) 
CaCO3 (calcite) 108.91 3.36×10
-9
 1.10 6.02 
CaCO3 (aragonite) 60.99 6.0×10
-9
 1.10 6.02 
SrCO3 469.43 1.1×10
-10
 0.208 6.02 
BaSO4 23.35 1×10
-10
 0.100 1.64 
BaCO3 50.93 5.5×10
-10 
0.100 6.02 
 
It can be seen from Table 1, the RO concentrates the CSG water by a factor of nearly 5 
resulting in the saturation index, SIx, to exceed 1 for a number of minerals (See Table 2): 108.91 
(calcium carbonate, calcite), 60.99 (calcium carbonate, aragonite), 469.43 (strontium carbonate), 
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23.35(barium sulphate), 50.93 (barium carbonate) . Clearly, concentrating this brine in the multiple 
effect evaporator will further increase the saturation index. 
Calcium carbonate is a common scaling compound. It is also well known for adsorption/co-
precipitation with silica (Badruk & Matsunaga 2001; Hsu et al. 2008; Qu et al. 2009). It can be seen 
from Table 2, RO brine is oversaturated with respect to calcium carbonate and Fig.3 clearly shows 
the presence of spherical colloidal particles, which could be possibly due to the formation of 
calcium carbonate precipitate. It should be noted that for precipitation of CaCO3, calcium is the 
limiting element as there is a significant amount of carbonates in both the RO feed and RO brine.  
Candidate precipitates were checked for by XRD (Fig. 6). However, the investigation did 
not confirm the presence of the simple precipitates listed in Table 2, but rather a suite of complex 
minerals (Table 3).  The apparent discrepancy between the XRD data and precipitation based on 
saturation indices is discussed in the following section 
 
Figure3.611XRD scan of RO brine solids 
Table 3.33. Minerals in RO brine solids, identified by XRD in the 10-90° theta range 
Peaks and 2-theta angles Peaks and d-spacing Candidate minerals 
4) 31.7, 6) 45.4, 7) 57 4) 2.83, 6) 2.00, 7) 1.62 Halite: NaCl 
1) 17 
 
1) 5.3 Grandidierite: 
(Mg,Fe)Al3(BO4)(SiO4)O 
2) 27.4 
 
2) 3.25 Florkeite:(K3Ca2Na)(Al8Si8O32).12H2O; 
Aragonite (CaCO3) 
3) 30.1, 4) 31.7  3) 2.98, 4) 2.83 Omongwaite: Na2Ca5(SO4)6.3H2O 
5) 37.9, 3) 30.1, 6) 45.4 5) 2.36, 3) 2.98, 6) 2.00 Hibbingite: (Fe, Mg)2(OH)3Cl 
8) 67, 9) 76, 10) 85 8) 1.40, 9) 1.33, 10) 1.31 Halite: minor peaks 
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4. Discussion 
The characterization of silica in CSG water shows a significant amount of dissolved silica 
was transformed to solid form in the RO brine. It can be seen from Fig. 2 that the RO feed contains 
mostly dissolved silica (more than 98%). However, in RO brine nearly one-third of the total silica is 
particulate silica. In natural aquatic environments, the bulk of solid phase silicon is thought to be 
biogenic origin (Ning 2003), but that is unlikely to be the case in RO brine considering the RO feed 
was shown to be essentially free of solid phase silicon. Rather, it is suspected that the concentration 
of dissolved components through RO causes material to precipitate out of solution; silica may be a 
component in such materials and/or adhere to them. 
Silica in solid form could exist as adsorbed/co-precipitated silica with precipitates like 
CaCO3 in that stream (Qu et al. 2009). The elemental composition study confirms the colloidal 
particles contained significant amounts of calcium and silicon, as well as K, Sr, B, Ba, P, and S. 
Considering the concentration of Ca
2+
 in RO brine (and the abundance of bicarbonates and 
carbonates) the saturation index of calcium carbonate confirms precipitation of CaCO3 is certainly 
possible.  The same is true for SrCO3. And both CaCO3 and SrCO3 can co-precipitate with silica 
and remove dissolved silica from solution (Lauchnor et al. 2013).  
Concentrating the CSG brine in the multiple effect evaporators will further increase the level 
of supersaturation of various mineral salts and possibly form scales on heat exchanger tubes due to 
mineral precipitation. Although CaCO3 and SrCO3 are the two most probable precipitates in RO 
brine, further concentration may produce other precipitates including BaCO3, BaSO4 and silica 
polymers. 
Interestingly, XRD analysis did not confirm the presence of CaCO3 or SrCO3, but instead 
revealed a suite of complex crystalline candidate minerals, rich in calcium, magnesium and 
carbonates as well as the other relevant elements.  
Regardless of the base minerals present, it is likely that the particulates were rich in silicates 
do to adsorption of silica (and other components) to seed material; amorphous components are not 
revealed by XRD.  For example trace amounts of aluminium based minerals are common in RO 
brine, even in cases where the aluminium concentration is very low (tens of ppb to several ppm), 
and it has been reported that alumino silicates form due to the condensation reaction between 
hydrated aluminium ions (Al(OH)4
-
) and silicic acid (Gallup 1997; Iler 1979). These aluminium 
silicate anions have the potential to precipitate in the presence of counter ions, such as sodium, 
potassium, iron, boron, calcium, and magnesium, and significantly, such precipitates can act as seed 
crystals for silica collection due to silica polymerization on their surface (Malki & Abbas 2013). 
The TEM image in Fig.3B shows the core-shell structure of the particulates in brine.  The particles 
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were found to be a coated with an amorphous thin layer, which can be due to the polymerization of 
silica on mineral precipitates surface (Malki & Abbas 2013). 
Removal of particulate silica solids was tested by micro- and ultrafiltration membranes. As 
can be seen from Fig 3.4, ultrafiltration performs significantly better than the three sets of  
microfiltration and removes nearly all the particulate silica from CSG brine. Nearly, 100% of the 
particulate silica (~30% of total silica) was removed by ultrafiltration at a flux rate of 56.25 L/m
2
.hr  
and nearly 40% of the particulate silica (12% of total silica) was removed by microfiltration at a 
flux rate of 61.15 L/m
2
.hr. No free dissolved silica (not attached to any particle) is expected to be 
removed by filtration as their molecular size and molecular weight is far below the cut-off range for 
the selected filtration membranes, although it is acknowledged that the confidence on the 
performance of the three microfiltration trials is reduced as the final silica concentration was much 
closer to the original silica concentration in that case. It is concluded that ultrafiltration performed 
significantly better than microfiltration but it was not possible to conclude on the performance on 
the three microfiltration trials relative to each other. Most of the particulate solids were 
nanoparticles (0-100 nm size range). While microfiltration was able to capture large aggregated 
networks of solids, the nanoparticles could only be filtered using a low molecular weight 
ultrafiltration membrane. 
5. Conclusions 
The physical and chemical characterization of reverse osmosis brine produced at a CSG 
water treatment facility clearly showed the formation of scaling compounds in retentate stream. Due 
to the enrichment of carbonates in CSG brine, metal carbonates were found to be the key scalants.  
A significant fraction of total silica was also found to be in particulate form in CSG brine. Colloidal 
particles with size range of 10 - 100 nm were found in both dispersed and aggregated form in CSG 
brine. The solubility analysis of various sparingly soluble salts and silica suggests, instead of 
polymerization, silica might have been captured or adsorbed on precipitated calcium carbonate and 
other mineral groups in CSG water during concentration in the RO process. Downstream processing 
of this brine in concentrators might face the problem of carbonate and silica scales. Filtration study 
suggests that colloidal precipitates in CSG brine could be almost completely removed by 
ultrafiltration. Therefore, ultrafiltration may provide a viable solution for removing colloidal solids 
prior to further brine processing 
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CHAPTER FOUR 
EQUILIBRIUM, KINETICS, AND 
BREAKTHROUGH STUDIES FOR 
ADSORPTION OF SILICA ONTO 
ACTIVATED ALUMINA 
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1. Abstract 
This study reports the adsorption of silica using activated alumina. Equilibrium, kinetics, 
and column performance were studied. The equilibrium data can be fitted with the Langmuir and 
Freundlich isotherms. The maximum monolayer adsorption capacity was found to be 17.63 mg/g at 
pH 8.8. A second order kinetic model fitted the experimental data better than a first order model. 
Analysis of the kinetic data with Weber-Morris intraparticle diffusion model suggests both external 
and internal mass transfer controls the overall adsorption process. It was also found that, even at 
low to medium silica concentrations, external mass transfer is important and cannot be neglected. 
From the continuous column study the effect of flow rate was found to be in insignificant for the 
range between 2.25 and 9.65 BV/hr. 
 
Keywords: Silica; Activated alumina; Adsorption; Intraparticle diffusion 
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2. Introduction  
Mineral scaling in water system is a key problem for groundwater treatment industry. Silica 
and silicate based compounds can cause significant fouling problems in various industrial water 
systems, such as cooling, reverse osmosis desalination, geothermal, chemical-mechanical-
planarization water, boiler feed water, brine concentration, etc.  The presence of other ions, such as 
calcium, magnesium, aluminum, carbonates, phosphorous, strontium, etc. can accelerate scale 
formation, thus affecting the overall water recovery by forming insoluble scales on the processing 
equipment (Sanciolo et al. 2014). 
In recent years, extraction of methane from coal beds has attracted significant attention 
across various countries in the world including: USA, Australia, Canada, China, and India (Moore 
2012). Australia has a rich deposit of this gas where it is generally termed Coal Seam Gas (CSG). 
CSG is a relatively clean source of energy compared to conventional fossil fuels. During the 
production of CSG, water from the coal bed is removed to allow the gas to be extracted. The 
produced water is moderately saline and requires treatment prior to use or discharge.  Reverse 
osmosis (RO), which generates brine, is widely used. Preventing this brine from polluting the 
environment is an important responsibility of CSG producers. Several CSG producers in Australia 
are considering a zero waste-liquid discharge (ZWLD) strategy for sustainable management of CSG 
brine. According to the ZWLD strategy, the brine is further concentrated and finally recovered as 
dry salts (Bond & Veerapaneni 2007). The concentration of the brine involves evaporation of water 
using a series of heat exchangers before salt crystallization, but the efficiency of this process can be 
severely reduced by fouling. The RO brine typically contains a silica concentration of 100-250 
mg/L. Silica and metal silicates are key components of fouling during the brine concentration 
process, so their removal can improve efficiency. Although removal of dissolved metals by ion 
exchange minimizes the potential for scaling from metal silicates, other forms of silica (dissolved 
and particulate) can still scale on the heat exchangers during brine concentration. The rate of 
particulate silica deposition is one or two orders of magnitude higher than dissolved silica in 
solution of high ionic strength (Weres & Tsao 1981). Particulate silica deposits are generally less 
dense and porous in nature. However, in the presence of dissolved silica, deposition is greatly 
accelerated due to cementing effect of deposited monomeric silica between colloidal particles. The 
deposits from a mixture of colloidal and dissolved silica are also more dense and hard compared to 
pure colloidal silica deposits (Iler 1979). Therefore, silica removal is a vital step in the brine pre-
treatment process. 
Over the past years, various methods have been used for silica removal from water. These 
include: (1) chemical clarification (Duan & Gregory 1998; Kim, Yoon & Lee 2009; Liu et al. 2012; 
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Omelia & Stumm 1967; Zeng et al. 2007a) (2) electrochemical coagulation (Den & Huang 2005; 
Kumar et al. 2004; Wang et al. 2009), (3) ion exchange (Ali et al. 2004a; Zaganiaris, Doulut & 
Morino 1992), and (4) adsorption (Behrman & Gustafson 1940; Bouguerra et al. 2007; Matson 
1981; Sanciolo et al. 2014). Among these, chemical clarification is currently the most widely used 
technology for silica removal. It involves the removal of silica by precipitation, coagulation, and 
flocculation using suitable chemical reagents. A variety of reagents, such as metal salts(Duan & 
Gregory 1998; Kim, Yoon & Lee 2009; Liu et al. 2012; Omelia & Stumm 1967; Zeng et al. 2007a) 
, cationic surfactants(Koopal et al. 1999; Ueda et al. 2000), lime- soda ash-caustic treatment (Al-
Mutaz & Al-Anezi 2004; Al-Rehaili 2003; Hsu et al. 2008; Masarwa et al. 1997; Ueda et al. 2003; 
Wahab & Batchelor 2007) , polymers(Chuang et al. 2007; Hermosilla et al. 2012), alum(Al-Rehaili 
2003; Cheng, Chen & Yang 2009; Chuang et al. 2007; Duan & Gregory 1998; Kuan & Hu 2009) , 
etc. have been used. Electrochemical coagulation follows similar principles; however, the 
coagulating ions are generated from an electrode material using an electrochemical reaction. While 
clarification and coagulation are very effective in removing silica at high concentration, they have 
little success for removing dissolved silica at low concentration. Moreover, the presence of colloidal 
silica normally leads to a large amount of sludge during clarification problem. For inland water 
treatment, managing a large volume of sludge is particularly challenging. 
Adsorption and ion-exchange, offers several advantages for removal of silica at low 
concentration levels. These methods are relatively low cost, easy to design, and robust to changing 
conditions. Although adsorption has been used in water treatment over a long period of time, little 
research has been reported on the removal of silica using adsorption technique. Activated alumina 
which is widely used for removal of fluoride and arsenic from groundwater has been applied to 
remove silica only in a handful studies in the past 50 years. Most of these studies were limited to 
adsorption capacity characterization. Behrman and Gustafson (1940) reported the first study on 
removing silica from aqueous solution using activated alumina (Behrman & Gustafson 1940). They 
reported the reduction of silica in a bed of activated alumina from 68 mg/L to 5 mg/L. Batch 
adsorption test were also conducted in order to identify the effect of various parameters, such as pH, 
temperature, contact time, and adsorbent dosage. A pH between 8 and 9 was found to be optimum 
for removal of dissolved silica (Bouguerra et al. 2007; Matson 1981). Mouche and Matson (1981) 
also reported the regeneration of activated alumina using caustic wash followed by sulphuric acid 
wash (Mauche & Matson 1981). Bond and Veerapaneni (2007) found that activated alumina can be 
restored to 70 to 80% of its initial adsorption capacity with caustic wash followed sulphuric acid 
wash (Bond & Veerapaneni 2007). The duration of regeneration was fund to have no effect on 
adsorption capacity of the regenerated activated alumina in the range of 5 to 60 minutes. Bouguerra 
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et al. (2002) studied the equilibrium and kinetics of silica removal by activated alumina and 
reported a monolayer adsorption capacity of 7.94 mg/g(Bouguerra et al. 2007). They also reported 
that other anions , such as bicarbonates, fluoride, sulphate , and nitrates did not affect the adsorption 
of silica onto activated alumina. Recently, Sanciolo et al. (2014) studied the adsorption and 
desorption of silica using activated alumina (Sanciolo et al. 2014). They also studied the change in 
surface chemistry of activated alumina during adsorption and desorption process. Due to the 
changes in surface chemistry during adsorption and desorption process it was not effective to use 
activated alumina for more than three regeneration cycle. 
The studies reported in the literature on silica removal by activated alumina were primarily 
focused on adsorption capacity and removal performance of activated alumina. While adsorption 
capacity is important for preliminary screening of adsorbents, understanding of diffusion and mass 
transfer mechanism is particularly important for efficient design and modeling of the adsorption 
process. However, to the best of our knowledge now study reported the diffusion and mass transfer 
mechanism of silica onto activated alumina. In addition to the equilibrium and kinetics of 
adsorption, this study also investigates the mass transfer mechanism onto activated alumina. The 
effect of pH in batch adsorption mode was also investigated.  This study also investigates the 
potential of activated alumina for silica removal in packed bed activated alumina column which was 
not previously reported by any studies in the literature. Synthetic silica solutions with concentration 
ranging from 5 to 120 mg/L were used for these studies.   
 
3. Materials and methods 
The activated alumina used in this study was obtained from Axens Canada Specialty 
Aluminas Inc. The particle size range was 600 to 1200 microns with an average pore size of 45A°. 
The average BET surface area was measured to be 300 m
2
/g.  
Silca gel was obtained from Sigma-Aldrich for preparation of silica aqueous solution. A 
certain amount of silica gel was dissolved in caustic solution (pH~11.5) to give a concentration of 3 
g/L. The solution was stirred at room temperature for 72 hours for complete dissolution of the silica 
gel. The final concentration of the solution was measured by measuring the dissolved silica 
concentration solution.  
Molybdosilicate colorimetric method (HACH 8185) was used to measure the dissolved 
silica in all water samples (Ali et al. 2004b).  A HACH  DR2700 spectrophotometer was used to 
measure the dissolved silica concentration. The instrument was calibrated with a 100 mgL
-1
standard 
 
 
43 
 
solution obtained from HACH, Australia. All the samples were filtered with a 0.45µm filter before 
analysis to remove suspended particles. Triplicates revealed a standard deviation of ±1mgL
-1
 Si.  
3.1. Batch studies 
  For batch adsorption studies, 40mL of aqueous silica solution was contacted with 1g of 
activated alumina for 24 hour. In order to find the optimum pH value for silica adsorption onto 
activated alumina, 100 mg/L aqueous silica solution with initial pH values between 3 to 12 was 
contacted with activated alumina. Batch equilibrium studies were conducted by contacting 1g of 
activated alumina with 40mL of synthetic silica solution with initial concentration ranging from 20 
to 100 mg/L. The optimum pH value obtained from the pH study was used for equilibrium, kinetics, 
and column study. The pH of the initial solution was adjusted using 0.1[M] HCl or 0.1[M] NaOH. 
In order to study the batch adsorption kinetics, 1 gram of activated alumina was contacted with 40 
mL synthetic silica solution (silica concentration~120 mg/L) at optimum pH for various amount of 
time starting from 1 min to 24 hour. The kinetic study was conducted at three different initial silica 
concentrations (5, 60, 120 mg/L) in order to investigate the adsorption mechanism.   At the end of 
each adsorption cycle the final solution was filtered with a 0.45µm syringe filter and the filtrate was 
analyzed for silica concentration.   
3.2. Column studies 
In order to measure the scale up data for fixed bed columns, continuous column studies were 
conducted. Column studies were carried out using a glass column of 300 mm length and 11 mm 
internal diameter. The column was filled with 28g activated alumina and the bed height was 280 
mm. A wet packing method was used for loading of activated alumina into the column. Stock 
solution with 120 mg/L silica concentration was prepared in a 20L feed reservoir.  In order to avoid 
channelling, the stock solution was feed to the bottom of the column using a peristaltic pump. The 
effluent was collected in a 20L drum from the top of the column.  The process was continued until 
the outlet concentration approached the inlet concentration, i.e., C/C0~1.  
Two different flow rates were tested in order to evaluate the effect of flow rate on column 
performance. All experiments were conducted at room temperature (23C) and the pH of the stock 
solution was maintained at 8.8. The results obtained were then plotted as C/C0 versus bed volumes 
(BV) treated. 
4. Results and Discussion 
4.1. Effect of pH on silica removal 
pH of the solution plays an important role in the adsorption of anionic and cationic species. 
The ionization of adsorbate and surface chemistry of adsorbent is strongly influenced by the pH of 
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the solution.  Therefore, the effect of pH on removal of silica was studied for a wide range of pH 
from 3 to 12.The effect of pH on the removal of silica by activated alumina is shown in Fig. 4.1. 
The initial silica concentration was maintained at 100 mg/L . In the region of acidic to neutral pH, 
silica primarily exists as monosilicic acid (Si(OH)4) (Iler 1979). Although activated alumina is 
highly positively charged in this region, lack of ionized silicic acid results in a poor adsorption 
characteristic in acidic to neutral pH. As pH increases the ionization of monosilicic acid favours the 
interaction between activated alumina and silica. The maximum adsorption was observed at pH 
value of 8.80. Activated alumina has a point of zero charge at pH between 8.5 to 9.0 (Bouguerra et 
al. 2007). At pH> Ppzc activated alumina surface is negatively charged. At alkaline condition( pH 
above 9) majority of the silica remains in its ionic form (H3SiO4
-
, H2SiO4
2-
), however, activated 
alumina is negatively charged at  alkaline condition, which significantly reduces silica adsorption 
due to repulsion. Moreover, competition from hydroxide ions for active sites also reduces silica 
adsorption at alkaline pH. The optimum pH is of 8.8 is used for rest of the study. This was found to 
be slightly higher than the previously reported value by Bouguerra et al. (2007) (Bouguerra et al. 
2007). 
 
Figure 4.112Effect of pH on silica removal by activated alumina 
4.2. Equilibrium study and adsorption isotherms 
It is important to study the adsorption isotherm for designing a specific adsorption process 
as it can describe how effectively the adsorbate interacts with the adsorbent. In this study, two most 
widely used adsorption isotherms including Langmuir isotherm model and Freundlich isotherm 
model were used to analyze the silica adsorption onto activated alumina.  
Langmuir isotherm model is an analytical model originally derived for gas phase adsorption 
onto heterogeneous surface (Langmuir 1916).  This model in applicable to monolayer sorption onto 
homogeneous surface with a finite number of identical sites. The Langmuir equation is given by, 
 
 
45 
 
…..……….…………………………………………………Eq. 4.1 
Where, Ce is the equilibrium concentration of the silica in solution, Qe is the amount of 
silica adsorbed at equilibrium, Qmax is the maximum amount of monolayer silica adsorption, KL is 
the Langmuir constant. Qmax is the adsorbent limiting adsorption capacity when the surface is fully 
covered by adsorbate forming a monolayer, and can be useful for comparison of adsorption capacity 
particularly when the adsorbent did not saturate during the experiment (Ghorai & Pant 2005). The 
Langmuir constant, K is related to the affinity of the adsorbate to the binding sites. 
The Freundlich isotherm is an empirical model which captures the heterogeneity of the 
surface and exponential distribution of the sites and their energies. For liquid phase adsorption 
Freundlich model is the most widely used adsorption model (Wang et al. 2008). The linear form of 
Freundlich model is as follows: 
…………………………………………………………………………..Eq. 4.2 
Where, Where, Ce is the equilibrium concentration of the silica in solution, Qe is the amount of 
silica adsorbed at equilibrium; “where „Kf‟ is a constant for the system, related to the bonding 
energy.„Kf‟ can be defined as the adsorption or distribution coefficient and respects the quantity of 
silica adsorbed onto activated alumina for an unit equilibrium concentration (a measure of 
adsorption capacity, mg/g).” and „n‟ is a constant depicting the adsorption intensity, which related 
to the favourability of adsorption. A value of n greater than unity will indicate a favourable 
adsorption.  
The initial silica concentration ranging from 5 to 120 mg/L viz. equilibrium silica 
concentration of 0.07 to 1.89 mg/L was used to investigate the equilibrium of silica adsorption onto 
activated alumina. The data was analyzed with the linear form of Langmuir and Freundlich model. 
The plot of 1/Qe versus 1/Ce in Fig. 4.2a gives straight line with a correlation factor of 0.999, 
suggesting the adsorption of silica onto activated alumina obeys the Langmuir adsorption model. 
The inverse of intercept in Fig. 4.2 gives the value of the maximum monolayer adsorption capacity. 
The maximum monolayer adsorption capacity from Langmuir model was found to be 17.63 mg/g, 
which is nearly twice the value reported in the literature for silica adsorption onto activated alumina 
(Bouguerra et al. 2007). This difference in capacity can be a result of difference in several 
experimental variables, such as shaking speed, adsorbent‟s physical characteristics (surface area and 
point of zero charge), etc.Fig. 4.2b shows the Freundlich plot of the equilibrium data. The data also 
fits well for the Freundlich plot with a correlation factor of 0.997. The Freundlich constant is related 
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to the intensity of adsorption. From Fig. 4.2b the value of „n‟ was found to be greater than one, 
indicating the adsorption of silica onto activated alumina was favourable.  
  
Figure4.213Equilibrium plots for removal of silica using activated alumina: (a) Langmuir 
plot, (b) Freundlich plot 
4.3. Kinetic study 
From the kinetic study it was found that the uptake of silica increases as time elapsed. 
However, the uptake of silica was very rapid in the first 60 minutes and after that it moved very 
slowly until equilibrium is reached. The data obtained from adsorption kinetics were used to study 
the rate constant and adsorption mechanism. 
The adsorption data was fitted to the Lagergren first order rate equation in order to obtain 
the adsorption rate constant. The model expression is given as follows: 
…………………………………………………………………Eq. 4.3 
Where, Qe and Q is the amount of silica adsorbed per unit mass of the activated alumina at 
equilibrium and at any time, t, Kad is the adsorption rate constant (hr
-1
). Fig. 4.3a shows the 
Lagergren plot of silica adsorption onto activated alumina at various initial silica concentrations. 
The rate constant Kad can be obtained from the slope of the straight line. The value Kad were found 
to be 2.93, 2.15, and 2.14 hr
-1
 at initial silica concentration of 5, 60, 120 mg/L, respectively. For a 
strict surface adsorption, the adsorption rate constant should be proportional to the first power of 
initial silica concentration (Ghorai & Pant 2005). However, an inversely proportional relationship 
was found between initial silica concentration and first order rate constant where the Kad value 
decreased with increased intimal silica concentration. This could be possible if the intraparticle 
diffusion is significant in addition to the surface adsorption. 
 
(a) (b) 
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Figure 4.314Kinetic plot: (a) Lagergren first order plot, (b) Pseudo second order plot 
 
A pseudo second order rate equation was also applied to analyze the data. The linearized 
form of the second order rate equation is given as follows (Ozer, Akkaya & Turabik 2005): 
……………………………………………………………………………………Eq. 4.4 
Figure 4.3b shows the pseudo second order plot of the kinetic data for silica adsorption onto 
activated alumina. The kinetic parameters form the first and second order rate equation is 
summarized in Table 4.1. It can be seen from Table 4.1, both the first order and second order rate 
constant decreased with increased initial silica concentration. It was also found that the second 
order rate equation fits the experimental data better than the first order and also able to predict the 
experimental equilibrium adsorption capacity better. 
In order to investigate the existence of intraparticle diffusion in adsorption process, Weber-
Morris model was used. The amount of silica adsorbed per unit mass of the adsorbent, Q at any time 
t, was plotted against the square root of time, t
1/2
. The rate constant for the intraparticle diffusion 
can be obtained from the slope of the following equation (Ozer, Akkaya & Turabik 2006): 
  ……………………………………………………………………………………….Eq. 4.5 
Where, Ki is the intraparticle diffusion coefficient. If intraparticle diffusion is involved in the 
adsorption process, the plot should be linear and it should pass through the origin if intraparticle 
diffusion is the rate limiting step (Ozer, Akkaya & Turabik 2006). However, in many cases the plot 
represents multi-linearity which usually represents a more complex adsorption process. Fig. 4.4 
shows the intraparticle diffusion plot for adsorption of silica onto activated alumina at various initial 
silica concentrations. The initial sharper linear portion of the curve represents boundary layer 
diffusion, where the adsorbate diffuses through the boundary layer to the external surface of the 
Kad=2.93 hr
-1
 
Kad=2.15 hr
-1
 
Kad=2.14 hr
-1
 
(a) (b) 
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adsorbent particle. The initial portion is followed by a relatively less sharp portion with gradual 
increment which represents the existence of slow intraparticle diffusion as the rate limiting step. 
The final portion is the equilibrium stage. If the intraparticle diffusion plot doesn‟t pass through the 
origin, Weber-Morris model can be updated as follows: 
 …………………………………………………………………………………..Eq. 4.6 
From Table4.1, it can be seen that the slopes and intercepts of the plots increase with 
increasing initial silica concentration. In addition, the line doesn‟t pass through the origin which 
suggests the adsorption of silica onto activated alumina is complex and both external and 
intraparticle diffusion plays important role. The value of I represents the thickness of the external 
boundary layer, the higher the value of intercept, the higher is the effect of external mass transfer 
resistance (Ozer, Akkaya & Turabik 2005). As can be seen from Table 4.1, with an increase in 
initial silica concentration from 5 to 120 mg/L the intercept increases from 0.0112 to 0.3322 which 
represents the effect of external mass transfer resistance increases as initial silica concentration 
increases. It can also be seen from Table 4.1, the Ki value increases from 0.2633 to 6.2579 in the 
first portion and 0.163 to 2.919 in the second portion for the rise in initial silica concentration from 
5 to 120 mg/L. The larger the Ki value, the easier the diffusion and transportation into the pores of 
the activated alumina. The increase in intraparticle diffusion rate constant, Ki can be explained by 
growing effect of concentration gradient as driving force. 
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Figure 4.415Intraparticle diffusion plot for various initial silica concentration 
Since external mass transfer plays an important role as silica concentration increases, the value of 
external mass transfer coefficient was calculated from the Frusawa and Smith equation (Singh & 
Pant 2004): 
 ……………………………………………………...Eq. 4.7 
Where, K is a constant obtained by multiplying maximum adsorption capacity Qmax with Langmuir 
constant, KL(L/g). M is the mass of the adsorbent per unit volume of particle free solution (g/L). Ss 
is the outer surface area of the particle per unit volume of the slurry, β is the external mass transfer 
coefficient (cm/s). Table4. 1 gives the value of external mass transfer coefficient as a function of 
concentration. The value of the external mass transfer coefficient is consistent with literature 
reported values for other anions. It can be seen that as initial silica concentration increases, external 
mass transfer coefficient gradually decreases, which can be due to the growing effect of external 
mass transfer resistance. 
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Table 4.14Kinetic parameters for removal of silica using activated alumina 
Initial Silica 
Concentration
, mg/L 
Lagergren first order kinetic 
model 
Pseudo second order kinetic 
model 
 
 Kf (hr
-1
) Qe(mg/g
) 
R
2
 Ks(g/mg.hr) Qe(mg/g) R
2
 Qe,exp(mg/g) 
5 2.93 0.4292 0.98 62.90 0.1841 0.99 0.1973 
60 2.15 1.2464 0.94 6.81 1.9550 0.99 2.3643 
120 2.14 1.6489 0.93 3.93 3.9032 0.99 4.7244 
 Intraparticle diffusion plot 
 K1( 
mg/g.hr
0.5
) 
I(mg/g) R
2
 K2( 
mg/g.hr
0.5
) 
I(mg/g) R
2
  
5 0.2633 0.0112 0.99 0.163 0.049 0.98 
60 3.2063 0.0741 0.99 1.106 0.935 0.99 
120 6.2579 0.3322 0.98 2.919 1.5138 0.97 
 Frusawa and Smith model 
 β(external mass 
transfer coefficient, 
cm/s) 
 
5 13.65× 10
-3
 
60 7.94× 10
-3
 
120 6.88×10
-3
 
 
4.4. Performance of silica removal in adsorption column 
While batch studies provided important information about the fundamental quantitates and 
adsorption mechanism, the silica removal performance of activated alumina in continuous column 
in particularly important for its application at the industrial scale. In order to study the removal of 
silica in adsorption column, synthetic silica solution with known concentration was feed to the 
bottom of an activated alumina column at a desired flow rate. Samples were collected at the top of 
the column at definite time intervals until the effluent silica concentration equals the inlet 
concentration. The silica solution (120 mg/L aqueous silica) was feed to the column at two different 
flow rates, 1 mL/min (2.25 BV/hr) and 4.2 mL/min (9.65 BV/hr) to study the effect of flow rate on 
column performance. Breakthrough curve, C/C0 versus volume treated is shown in Fig. 4.5. The 
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breakthrough occurred after 76 hours for 1 mL/min flow rate and 7 hours for 4.2 mL/min. The bed 
saturation capacity was calculated by integrating the area under the breakthrough curve. The bed 
saturation capacity for 1 mL/min and 4.2 mL/min flow rate was found to be 122 mg/g and 115 
mg/g, respectively. The bed saturation capacity obtained from column study is significantly higher 
than the monolayer adsorption capacity (17.63 mg/g) calculated from Langmuir model in batch 
adsorption mode. This suggests, the removal of silica by activated alumina column is not governed 
by adsorption alone. Instead, actual removal mechanism is much complex with a combination of 
several mechanisms, which may include adsorption, polymerization, precipitation, etc., which 
Langmuir equation did not include. Also, it is noticeable that, the column performs much efficiently 
at lower flow rate at the early stages of adsorption (until 500 bed volumes treated) by adsorbing 
more silica per unit mass of adsorbent (calculated by integrating the area under the curve). This can 
be due to the fact that when residence time of the solute is not long enough at higher flow rate, the 
solution leaves the column with higher silica concentration without reaching equilibrium. However; 
in the later stage of the adsorption cycle breakthrough curve is stepper at low flow rate which is not 
typical for adsorptive removal. This further supports the fact that adsorption is no longer the 
dominant process for silica removal towards end of adsorption cycle. While a low flow rate is 
expected to improve column performance by increased residence time, no significant effect of flow 
rate was found on the column overall performance within the range of selected flow rates. This can 
be due to the fact that the selected range (1 mL/min to 4.25 mL/min) of flow rate was too narrow to 
observe the effect of flow rate on the overall performance of the column 
 
 
Figure4.516Breakthrough curve for different flow rates at initial silica concentration 120 
mg/L 
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5. Conclusion 
In this study, the removal of silica using activated alumina was studied in both batch and 
column mode. The pH study shows the optimum pH value for silica removal using activated 
alumina is 8.8. The equilibrium data fitted both the Langmuir and Freundlich model well. A 
maximum monolayer adsorption capacity of 17.63 mg/g was observed, which is significantly higher 
than the previously reported value in the literature. The adsorption intensity constant, „n‟ obtained 
from Freundlich isotherm was found to be greater than one, suggesting the adsorption of silica onto 
activated alumina was favourable. Kinetic analysis showed that silica adsorption is very rapid in the 
first hour followed by a slow adsorption process. The second order rate equation fitted the data 
better than the first order rate equation and was able to predict the equilibrium adsorption capacity. 
Weber-Morris model suggested the existence of both external and intraparticle diffusion resistance 
for silica adsorption onto activated alumina. The initial silica concentration plays an important role 
on both the external and internal mass transfer rate constant. Continuous column study showed that 
flow rate has little effect on the overall bed saturation capacity of the column within the range of 
2.25 and 9.65 BV/hr. The bed saturation capacity of activated alumina was much higher in 
compared to the monolayer batch adsorption capacity, which suggests removal mechanism of silica 
by activated alumina is complex and may involve multiple mechanisms additional to adsorption, 
such as precipitation and polymerization. 
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1. General summary 
The goal of this thesis was to study the potential scalants in coal seam gas water. Chemical 
and mineral composition of silica and other scalants were studied in detail using analytical and 
spectroscopic technique. The silica removal potential of activated alumina was studied in both batch 
and column adsorption mode.  
In the first phase of this project, the chemistry of silica in coal seam gas water and RO brine 
was analysed. Due to multi-component nature, an understanding of the chemical composition of 
CSG water and silica distribution among various phases is particularly important for efficient 
design of silica removal process. An analysis of dissolved silica and total silica concentration 
showed that dissolved silica concentration significantly differs from the total silica concentration. 
The higher value of total silica concentration in compared to the dissolved silica concentration 
suggested the possible existence of particulate silica. 
Transmission electron microscopy was conducted on the CSG brine in order to investigate 
the existence of any particulate matters. Spherical particles with core-shell morphology were 
observed with a wide size range from 10 to 100 nm. Some aggregated network structure was also 
formed which can be due the high ionic strength of the CSG brine. 
In order to further investigate the origin of particulate matters in the CSG water, a plant-
wide dissolved versus particulate silica characterization was conducted for CSG water. The results 
show that in all process streams silica exists in both dissolved and particulate forms. However, the 
ratio of particulate to dissolved silica varies as CSG water passes through the various process units. 
A very high particulate silica fraction was observed in the pond water which can be generated either 
from the biological or geochemical process. Although the amount of particulate silica was found to 
be very low in RO feed water, the RO brine constituted significant amount particulate silica with a 5 
fold increase in total silica concentration. 
Elemental composition analysis of the solid phase in RO brine showed that the particulate 
matters in CSG brine are primarily composed of  K, Si, Sr, Ca, B, Ba, Mg, P, and S. Solubility 
calculation showed that RO brine in highly supersaturated with respect to a number of salts, such as 
CaCO3, SrCO3, BaCO3, and BaSO4. XRD analysis showed that instead of simple salts RO brine 
consist of a number of complex crystalline candidate minerals, rich in calcium, magnesium and 
carbonates as well as the other relevant elements. A filtration study suggested that colloidal 
precipitates in CSG brine could be almost completely removed by ultrafiltration.  
 
In the second phase of this study, the potential of activated alumina for removing silica from 
aqueous silica solution was studied. Various adsorption models were applied to the experimental 
data to study the equilibrium, kinetics, and adsorption mechanism. pH studies show that adsorption 
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of silica increases with increasing pH. However, in highly alkaline solution silica adsorption 
reduces due the lack of active positively charged site on the surface of the adsorbent. A pH of 8.8 
was found to be optimum for removal of silica using activated alumina. 
The equilibrium of the silica onto activated alumina was studied with well-established 
adsorption model: (1) Langmuir isotherm model, (2) Freundlich isotherm model. The experimental 
data fitted both models very well with a correlation factor above 0.99. The monolayer adsorption 
capacity was found to be 17.63 mg/g, which significantly higher than the previously reported value 
in the literature. The Freundlich constant was found to be greater than one which suggests the 
adsorption of silica by activated alumina is favourable.  
The reaction kinetics was studied with a pseudo first and second order rate equation. The 
adsorption was very rapid in the first hour followed by a slow and steady adsorption process until 
equilibrium is reached. The second order model was found to be fitted the kinetic data well in 
compared to the first order model and it well predicted the equilibrium adsorption capacity. The 
first order rate constant was not proportional to the first power of initial silica concentration 
suggesting that the adsorption of silica was not strict surface adsorption rather it involves 
intraparticle mass transfer resistance. 
 Internal and external mass transfer models were used to the study adsorption steps for silica 
adsorption onto activated alumina. It was found that silica adsorption onto activated alumina is a 
complex process and both external and internal adsorption plays important role on the adsorption 
process. With an increase in initial silica concentration, the thickness of the external mass transfer 
boundary layer was found to be increased. The external mass transfer coefficient was found to be 
decreased with increasing initial silica concentration while the intraparticle mass transfer coefficient 
was found to be increased. 
The performance of the continuous column was also studied at different flow rates. 
However, the overall breakthrough curve was not typical adsorption breakthrough curve. The 
column performed better at low flow rate at the initial stage while it performed worse towards the 
later stage of adsorption at low flow rate. It was found that the overall adsorption capacity of the 
activated alumina was independent of the flow rate. The saturation adsorption capacity of activated 
alumina in continuous column study was found to be much higher in compared to the batch mode. 
The key knowledge contribution of this thesis is that silica exists not only as dissolved silica 
but also in particulate form in all streams of coal seam gas water. The ratio of particulate to 
dissolved silica varies across various across process units in the CSG water treatment plant. While 
microfiltration removes majority of the particulate silica, reverse osmosis significantly increases the 
particulate silica fraction in downstream water processing. The particulate silica fractions in CSG 
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water are not simple mineral salts, but rather a suite of complex mineral salts onto which silica 
could be adsorbed. 
Activated alumina was found to be suitable for removing dissolved silica from aqueous 
solution. Both batch and column study showed a high adsorption capacity for silica. The mechanism 
of silica deposition onto activated alumina is complex and not governed by adsorption mechanism 
alone, instead, actual removal mechanism possibly a combination of several mechanism, which may 
include adsorption, polymerization, precipitation, etc. 
 
2. Recommendations for the future research 
Based on the knowledge gained in current study, the following research objectives may be 
included in the future study: 
1. To study the effectiveness of silica removal in multi-component environment, such as CSG 
brine 
2. To study the effect of particulate phase on silica removal by activated alumina 
3. To model the continuous column data using various adsorption breakthrough model for 
better understanding of the column adsorption parameters. 
4. To study the effectiveness of activated alumina regeneration with various alkaline solution 
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Abstract: This study reports using activated alumina for the removal of silica from coal seam gas 
(CSG) associated water. Spectroscopic and analytical characterization confirmed the presence of 
both reactive-dissolved and nonreactive-particulate silica in a number of aqueous streams at a CSG 
water treatment facility. The removal of these silica species from brine produced at the facility by 
activated alumina (AA) was the focus of the study. In addition to being an adsorbent for dissolved 
silica, activated alumina columns were found to be a filter for particulate silica.  The surface 
characterization of spent adsorbent by scanning electron microscopy (SEM) and energy dispersive 
X-ray (EDX) confirmed adsorption of silica onto activated alumina. 
